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Abstract

The Large Hadron Collider (LHC) collides two counter-rotating particle beams to recreate con-
ditions that existed in the first moments after the universe began. Rather than forming a con-
tinuous stream, the beam particles are grouped into distinct nanosecond-long bunches. A suite
of sophisticated instrumentation allows researchers to monitor the beam to assure an efficient
and safe operation of the accelerator. One of the most fundamental measurements is quantifying
the number of particles contained within each bunch, referred to as the bunch intensity.

Charged particles of bunches travelling in an accelerator constitute an electric current, the
integral of which is proportional to the bunch intensity. During the first years of the LHC op-
eration four Fast Beam Current Transformers (FBCTs) coupling to the beam current served as
the primary bunch intensity monitors. However, their undesired sensitivity to the transverse
beam position and their excessively long output pulses deteriorated the accuracy of the LHC
bunch intensity measurements. This dissertation reports in detail on the author’s research and
development work on a new electromagnetic sensor overcoming the FBCT limitations.

The Wall Current Transformer (WCT) consists of eight small magnetic cores which are evenly
distributed azimuthally around a dielectric insert embedded into the accelerator’s vacuum cham-
ber. A conductive screw traversing each core’s centre carries a part of the wall current, equal but
opposite to the beam current, which induces signals in wires wound ten times around the cores.
Such an arrangement is equivalent to eight parallel 1:10 current transformers sensing the whole
wall current. Thus, the sum of the secondary-side signals is proportional to the instantaneous
bunch current and upon integrating and rescaling results in the bunch intensity. To control its
measurement bandwidth, the monitor features large ferrite cores and an RF bypass. A set of ana-
logue front-end electronics adapts the WCT output signals to the used acquisition systems. The
WCT’s mechanical design enables its assembly around a closed vacuum chamber. The monitor
is also fully compatible with the existing infrastructure at the original FBCT location.

Prior to any particle beam measurements, the WCT’s performance was quantified through
extensive laboratory tests. The newly developed sensor demonstrated an excellent output pulse
quality, adequate signal levels, sufficiently wide bandwidth, and a negligible longitudinal beam-
coupling impedance. Such promising results motivated an installation of one WCT in the LHC
to compare it with the FBCT as well as other sensors capable of measuring the bunch intensity.
Besides a superior output pulse quality, the WCT was also the only tested monitor not showing
any measurable sensitivity to the transverse beam position. Over the following years, additional
WCTs replaced the remaining FBCTs and became the main LHC bunch intensity monitors.

Although the WCT was optimised for the LHC bunches, it can find application in other facil-
ities as well. Notably, it has already replaced another sensor in the second-largest CERN accel-
erator. Beyond bunch intensity monitoring, the WCT’s ability of measuring the transverse beam
position and the longitudinal bunch shape remains to be quantified through further studies.

Keywords: bunch intensity measurements; beam current measurements; Large Hadron Collider
beam instrumentation



Streszczenie

Zderzenia dwoch wiazek czastek w Wielkim Zderzaczu Hadronéw (ang. Large Hadron Col-
lider, LHC) pozwalajg na odtworzenie warunkéw panujacych w pierwszych chwilach istnie-
nia Wszechswiata. Czastki w owych wiazkach sa zgrupowane w nanosekundowych paczkach
(ang. bunch). Zaawansowane systemy instrumentacji pozwalaja na monitorowanie wtasciwosci
wigzki, aby zagwarantowac wydajng i bezpieczna prace akceleratora. Jednym z najwazniejszych
mierzonych parametréw jest natezenie paczki definiowane jako liczba czastek w niej zawartych.
Ruch paczek natadowanych czastek prowadzi do powstania pradu elektrycznego, ktérego
catka jest proporcjonalna do natezenia paczki (ang. bunch intensity). W pierwszych latach
funkcjonowania LHC gtéwnym czujnikiem natezenia paczek byly cztery szybkie transformatory
pradu wiazki (ang. Fast Beam Current Transformer, FBCT), ktérych wskazania obarczone byty
btedem zaleznym od poprzecznej pozycji wiazki. Do dalszego ograniczenia doktadnosci po-
miarow przyczynial sie réwniez zbyt dtugi sygnat wyjSciowy FBCT. Niniejsza dysertacja opisuje
przeprowadzone przez autora prace badawcze nad nowym sensorem eliminujacym wady FBCT.
Transformator pradu obrazu (ang. Wall Current Transformer, WCT) zawiera osiem niewiel-
kich rdzeni magnetycznych rozmieszczonych dookota dielektrycznego segmentu zespolonego z
komora prézniowa akceleratora. Metalowa Sruba przechodzaca przez srodek kazdego rdzenia
przewodzi czes¢ pradu obrazu — réwnego co do wartosci, lecz o przeciwnym znaku do pradu
wigzki — ktéry drogg indukcji magnetycznej generuje sygnaly na przewodach owinietych dzisie-
ciokrotnie wokdt rdzeni. Taka konfiguracja jest rownowazna o$miu réwnolegtym transformato-
rom pradu o przetozeniu 1:10 mierzacym catkowity chwilowy prad obrazu. Suma sygnatéw po
stronach wtérych jest zatem, po scatkowaniu i przeskalowaniu, réwna natezeniu paczki. WCT
zawiera réwniez duze rdzenie ferytowe oraz bocznik wysokoczestotliwosSciowy, ktére umozli-
wiajq kontrole pasma przepustowego sensora. Z kolei mechaniczna konstrukcja WCT pozwala
na jego montaz dookota zamknietej komory prézniowej w pierwotnej lokalizacji FBCT.
Podczas szczegdtowych pomiaréw laboratoryjnych, stuzacych ocenie osiqgéw sensora, WCT
zademonstrowalo wy$mienita jako$¢ impulsu wyjSciowego, odpowiednie poziomy generowa-
nych sygnaléw, wystarczajaco szerokie pasmo przepustowe oraz pomijalnie mata impedancje
wzdluzng. Tak obiecujace wyniki doprowadzity do instalacji jednego WCT w LHC w celu po-
rownania go do FBCT oraz innych sensoréw mierzacych natezenie paczki. WCT cechowalo sie
nie tylko lepszg jakoscia sygnatu wyjsciowego, ale tez bylo jedynym z przetestowanych senso-
row, ktory nie wykazat zadnej zaleznosci od poprzecznej pozycji wiazki. W nastepnych latach
kolejne WCT zastapily pozostate FBCT i staly sie gléwnymi monitorami natezenia wigzki w LHC.
Zaprojektowane WCT zostalo zoptymalizowane pod katem LHC, niemniej jednak sensor ten
moze znalez¢ rowniez dalsze zastosowania. Dowodem tego jest jego instalacja takze w drugim
najwiekszym akceleratorze w CERN. Poza natezeniem paczki, WCT moze potencjalnie stuzy¢ do
obserwacji innych jej parametréow takich, jak poprzeczna pozycja czy wzdtuzny ksztatt. Analiza
ilosciowa tych zdolnosci pozostaje tematem ewentualnych przysztych badan.

Stowa kluczowe: pomiar natezenia paczki czastek; pomiar pradu wiazki czastek; instrumenta-
cja wiazki czastek w Wielkim Zderzaczu Hadronéw
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Chapter 1

Introduction

The chapter provides a basic overview of the principle of operation of a modern scientific ac-
celerator. The domains of beam instrumentation and diagnostics are formally defined and basic
methods for measurements of beam parameters are introduced. Subsequently, a brief over-
view of CERN, the European Organization for Nuclear Research, and its accelerator complex
is presented. Finally, a more detailed description is given for CERN’s flagship accelerator - the
Large Hadron Collider.

1.1 Particle accelerators

Over the last eight decades particle accelerators have evolved from centimetre-size experimental
apparatus to industrial tools used in applications ranging from ion implantation in semiconduct-
ors to oncology. It is estimated that more than 24 thousand industrial and medical accelerators
were being used worldwide in 2012 [1]. Nevertheless, they also remain sophisticated instru-
ments with which scientists probe the laws of nature through High Energy Physics (HEP).

The collection of charged particles travelling in an accelerator is referred to as a beam. HEP
beams are ultrarelativistic i.e. travelling approximately at the speed of light. During acceleration,
their velocity gain can be only minuscule. It is the beam energy, momentum, and power that
increase substantially instead.

An interaction of two particles results in either a particle loss due to a high-energy collision
or a change of the particles’ direction of motion. Minimising the probability of beam particles
colliding with the environment requires substantial effort. In particular, HEP accelerators main-
tain an Ultra-High Vacuum (UHV) environment with pressure below 1 x 1072 mbar in all volumes
where the beam travels, typically referred to as the vacuum chambers or the beam pipe.

Most accelerators come in one of the two shapes: linear (also called linacs) or circular!.
Linacs accelerate the beam in a single pass along a straight line. In circular accelerators the
particles follow a curved closed trajectory and their energy gradually increases every time they
complete the path. The time it takes a beam to travel around a circular accelerator is commonly
referred to as the revolution period with its reciprocal being the revolution frequency.

Motion of an electrically charged particle can be altered through an electric field E or a
magnetic field B. The force these fields exert on a particle with a charge q and a velocity ¥ is
called the Lorentz force F; [2, p. 1-2]:

—

F,=q-E+q-VxB (1.1)

The force caused by an electric field is always parallel to the field. Conversely, the force

!n reality circular accelerators are not prefect circles but a series of straight and curved sections which result in
a closed path.



Chapter 1. Introduction

created by a magnetic field is perpendicular to both the field and the particle’s direction of
motion. Hence, only the electric field can do work on a particle and contribute to a gain or loss
of the charged particle’s energy. The force created by a magnetic field, however, is amplified
by a large v. Thus, a magnetic field is typically more applicable to affect the charged particle’s
direction of motion, i.e. its trajectory.

As a particle with a charge q gains energy, its momentum p increases. The bending radius p
with which a magnetic field B deflects a particle is linked to its charge and momentum [3]:

Bp =~ (1.2)

This relation imposes the predominant limit over the beam energy range for any circular
accelerator with a set p. As the beam gains momentum through acceleration, the bending
magnetic field must also increase. The maximum field generated by mass-produced bending
magnets is currently fixed at around 10 T [4]. In order to reach higher beam energy, accelerators
have grown in circumference, effectively increasing the bending radius p. Attaining high energy
beams usually requires a chain of successively larger accelerators.

In low energy regimes, the particles can be accelerated using a moderate static electric field.
However, due to the electrical breakdown limit of static fields, in order to achieve higher beam
energies, techniques involving time-varying electric fields take precedence [5]. The frequency
at which the field is applied is commonly referred to as Radio Frequency (RF) and RF cavities
are the conventional equipment generating the field.

Colliders are a special class of accelerators in which one beam collides with another. The
figure of merit for any collider is the luminosity %. It is a measure of the average beam density
in the collision point and is proportional to the number of particles colliding within some defined
amount of time [6]. Formally, for a two-beam collider, the luminosity is defined as:

— NlNZfrev
4o 0

< (1.3)

y
where N; and N, are the number of particles in the the respective beams, f,., is the revolution
frequency, and o and o are the width and height of the effective overlap region of the two
beams in the transverse plane.

Since discoveries in particle physics are an outcome of a statistical analysis of a large number
of particle interactions, the greater the luminosity, the higher the chances are of observing a
rare phenomenon. This requires a large number of particles, crossing one another at a high
rate in a very small region. Precise knowledge of the luminosity is extremely important to
correctly interpret the collision outcomes, therefore great attention is paid to understanding
and minimising the errors on measurements of the quantities used to calculate the luminosity.

As the two beams collide, the interacting particles vanish from the beam. Moreover, the
overlap region of the two beams tends to grow over time [7]. As a consequence, the luminosity
decreases during collisions and at a certain point it is more efficient to discard the beams and
start collisions with a new set of particles. The rate of this decay is referred to as the luminosity
lifetime and is an important parameter in modelling how to use an accelerator in the most
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efficient way. The long term performance of a collider is often expressed in terms of its integrated
luminosity, typically over either one year or the accelerator lifetime.

1.2 Beam instrumentation and diagnostics

Ensuring optimal operation of an accelerator necessitates continuous monitoring of the beam
and tuning its parameters. The most typical beam observables include its transverse position,
the number of particles it is composed of, the particle density distributions in the transverse and
longitudinal planes, and the rate at which particles are lost from the beam.

There are two closely related domains which deal with measurements of beam parameters:
beam instrumentation and beam diagnostics. Formally, “instrumentation” refers to the design
and construction of the instruments observing the beam, whilst “diagnostics” is the use of the
data gathered by these instruments. A thorough overview of contemporary beam instrumenta-
tion and diagnostics techniques is available in [8].

Beam instruments can employ one of the two fundamental measurement methods:

* intercepting, in which a non-negligible part of the beam power is absorbed during the
measurement;

* non-intercepting, in which the measurement process does not affect the beam power in a
significant manner.

In modern HEP accelerators non-intercepting instruments are more desirable, whenever pos-
sible, due to the substantial beam power. Nevertheless, a large number of intercepting meas-
urement methods exist for industrial and lower energy accelerators.

Most non-intercepting instruments are sensitive to either the electromagnetic field carried
by the beam or to other forms of beam-generated radiation e.g. synchrotron radiation, both of
which scale differently with varying beam energy. The electromagnetic field of an ultrarelativ-
istic beam is proportional to its velocity, thus it does not strictly depend on the energy. Other
forms of radiation, in general, are in some way correlated with the beam energy and some non-
intercepting methods might be applicable only in particular accelerators or only over a certain
beam energy range.

1.3 The CERN accelerator complex

CERN, the European Organization for Nuclear Research, is located at the outskirts of Geneva,
Switzerland. It houses 11 active accelerators which provide beams to some 25 physics exper-
iments and facilities. Accelerators at CERN, commonly referred to as machines, come in one
of the two shapes: linear or circular. Figure 1.1 shows an overview of the complex as of 2018.
Extensive details about CERN accelerators are available at the outreach website [9].

All protons used at CERN originate from a hydrogen bottle located in front of LINAC 2. The
beam accelerates the energy of 50 MeV before being injected to the first circular machine in the
chain, the Proton Synchrotron Booster (PSB) which further accelerates the particles to 1.4 GeV.
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Figure 1.1: CERN accelerator complex. Adapted from [10].

The beam undergoes two more acceleration steps: 25 GeV in the Proton Synchrotron (PS), and

450 GeV in the Super Proton Synchrotron (SPS) before its injection into CERN’s flagship accel-

erator, the Large Hadron Collider (LHC).

Not all of the protons leaving LINAC 2 end up in the LHC. Other facilities using proton beams

at CERN include:

* The LINAC 4 accelerator being commissioned to replace the LINAC 2 in the near future;

* The ISOLDE and REX/HIE converting protons into low-energy beams of radioactive ions

used for studies of nuclear reactions;

* The Antiproton Decelerator (AD) and Extra Low Energy Antiproton Ring (ELENA) decel-

erators studying the properties of antimatter at low energies;

* The East Area using the PS beams for irradiation tests and serving as a test zone for large

experiments;

* The Neutron Time-Of-Flight (n-TOF) facility studying interaction between neutrons and

nuclei over a wide range of energies;

* The HiRadMat performing irradiation studies of material samples, accelerator components

and electronic modules;

* The North Area providing the SPS beams for a number of physic experiments;
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* The Advanced Wakefield Experiment (AWAKE) facility for studies of novel acceleration
techniques based on plasma-induced wakefields.

Protons are not the only particle species used at CERN. Heavy lead ions originate in LINAC
3 and are accelerated in the Low Energy Ion Ring (LEIR) before joining the accelerator chain in
the PS. In the future, production of argon and xenon ions is also foreseen.

Some new additions to the CERN accelerator complex are the CERN Linear Electron Accel-
erator for Research (CLEAR) and AWAKE. They partially reuse the infrastructure developed for
previous installations and currently are the only machines at CERN accelerating electrons.

1.4 The Large Hadron Collider

At twenty seven kilometres in circumference, CERN’s LHC is the largest and highest-energy
particle accelerator in the world and one of the largest scientific projects ever carried out. It col-
lides two counter-rotating beams at the energy of 7 TeV per proton. A comprehensive overview
of the LHC, its physics, and technological challenges is available in [11].

Following injection from the SPS at 450 GeV, the two beams travel in two physically sep-
arated rings. Once they reach the collision energy, their trajectories are intersected and the
particles start colliding. By convention the LHC beams are referred to by numbers: “Beam 1”
moves clockwise and “Beam 2” moves anticlockwise with the LHC viewed from above.

The LHC beams collide in four points where the two rings intersect each other in a common
vacuum chamber. The collision points house experiments and are often referred to as Inter-
action Points (IPs). ATLAS and CMS are large general-purpose detectors used to study a wide
range of physics phenomena. Physicists working at these two experiments jointly announced
the discovery of the Higgs boson in 2013. ALICE specialises in heavy-ion collisions and studies
of matter at extreme temperatures and densities. LHCb investigates the so-called beauty quark,
shining light on the faint differences between the regular matter and antimatter.

The LHC layout consists of eight octants as shown in Fig. 1.2. Octants 1, 2, 5 and 8 accom-
modate the large experiments, respectively ATLAS, ALICE, CMS, and LHCb, with octants 2 and
8 also providing the injection lines for both rings. Octants 3 and 7 house protection equipment
guaranteeing that the beams do not damage the accelerator. If the beams endanger the equip-
ment or their quality limits an efficient LHC operation, they are safely removed from the machine
in octant 6 through a process called beam dumping. Finally, octant 4 contains the accelerating
Radio Frequency (RF) structures as well as a range of Beam Instrumentation (BI) equipment.

Magnetic field in excess of 8 T maintains a 7 TeV beam within the 27 km LHC rings. Presently,
only superconducting electromagnets can generate a field with such magnitude and sufficient
quality. The 1232 LHC bending magnets use a current of over 11 kA, operate at a temperature
of 1.9K, and store in total an immense 9 GJ of energy. Even a minuscule heat deposition into
a magnet might lead to a quench, i.e. a sudden loss of superconductivity, and result in severe
damage to the accelerator’s components. Continuous monitoring of the LHC beams and the
accelerator itself is essential for safe daily operation of the machine.

To minimise the probability of a collision between the beam and residual gas, the LHC va-
cuum chambers maintain pressure of 1 x 10~!! mbar, making it as empty as the interstellar space.
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Figure 1.2: Layout of the LHC. Adapted from [12].

This is possible due to a sophisticated vacuum system. As the superconducting sections of the
accelerator cool down, the residual gas condenses on the vacuum chamber walls by adsorption.
On the other hand, the room-temperature sections of the LHC vacuum chambers are intern-
ally coated with a non-evaporable getter absorbing residual molecules when heated. Moreover,
most non-cryogenic sections of the LHC regularly undergo a so-called bake-out in which the
beam pipe is heated from outside up to approximately 300 °C to improved the vacuum quality.

The LHC superconducting magnets and its vacuum system operate at extremely low tem-
peratures, just a few kelvins above the absolute zero. The LHC cryogenic system uses close to
130 tonnes of helium, 80 tonnes of which are in the superfluid state at 1.9K, to cool down the
accelerator making the LHC the largest cryogenic facility in the world. However, some regions
of the machine operate at room temperature, in particular the straight sections joining the long
strings of superconducting bending magnets.

A set of superconducting RF cavities operating at 400 MHz supply the electric field needed
to accelerate the LHC beams. Each of the eight cavities installed per LHC ring can reach 2 MV
yielding the maximum accelerating voltage of 16 MV. Moreover, the RF cavities and their control
system play a critical role in defining and controlling the longitudinal beam structure.

Despite the state-of-the-art equipment and systems necessary to maintain and accelerate
the beam in the LHC, a safe and efficient exploitation of the machine would not be possible
without continuous monitoring of the beam. The diverse array of beam instrumentation installed
in the LHC [13] gives the accelerator operators an insight into the beam parameters. These
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measurements are also extensively used by physicist who constantly develop improved modes
of operation and tune the machine to reach its full potential.

More than 1000 Beam Position Monitors (BPMs) distributed around the LHC measure the
transverse position of the beam within the vacuum chamber [14]. The BPMs serve as inputs to
the beam orbit feedback system which continuously manipulates the LHC magnets to stabilise
the beam around its design trajectory. The BPMs are also instrumental for studying the accel-
erator optics describing how magnets influence the particles’ motion. To mitigate the risk of
equipment damage due to the beam being too close to the vacuum chamber wall, the BPMs are
also a part of the accelerator protection system.

Even more numerous than the BPMs are the Beam Loss Monitors (BLMs) with more than
4000 instruments installed in the LHC tunnel [15]. These devices monitor the rate and locations
at which individual particles escape the vacuum chamber. The principle role of the BLMs is to
provide input to the accelerator protection systems. When the detected beam loss exceeds a
certain limit, the beam is safely removed from the accelerator to avoid any potential equipment
damage. The BLM data also helps with improving the performance of the LHC by varying the
accelerator parameters to minimise the beam loss.

Understanding how and why the transverse beam size changes during operation is essential
to optimise the accelerator performance and maximise the luminosity. Due to the varying beam
energy and the very high number of particles, precise beam size measurements in the LHC are
difficult. The two main techniques used are measuring the synchrotron radiation produced when
the beam trajectory is bent by a magnet and using a thin wire moving trough the beam at high
speed [16]. Since the measurement accuracy of the beam size monitors contributes to the the
absolute luminosity determination error, engineers and scientists invest a significant effort into
cross-calibrating the monitors and analysing the data they provide.

The other observable critical for calculating the luminosity is the number of particles con-
tained in the beam, normally referred to as beam intensity. The LHC features two types of
intensity monitors - ones that measure the whole beam, and ones which measure the number of
particles within a given time window [17]. These monitors, their various applications, and the
intricacies of beam intensity measurements are discussed in detail in the following chapter.
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Beam intensity measurements

The chapter defines the terms related to beam and bunch intensity measurements used through-
out this thesis. Several common beam intensity monitors are introduced with their main advant-
ages and disadvantages compared. Next, the beam intensity monitoring systems deployed in the
LHC are reviewed in detail with a particular focus on the motivation for developing a new bunch
intensity monitor. The chapter concludes with the thesis statement.

2.1 Definitions

Beam intensity is defined as the number of particles making up a beam. It is one of the most
fundamental yet crucial beam parameters for any type of accelerator. In particle colliders the
beam intensity appears explicitly in the equation defining luminosity, a collider’s figure of merit.
In fact, as the LHC set its first beam intensity world record in 2011, Rolf Heuer — the CERN
Director General at the time — said that “beam intensity is key to the success of the LHC” since
“higher intensity means more data, and more data means greater discovery potential” [18].

Over the years many beam intensity measurements techniques have been developed and
successfully applied in accelerators. They range from directly collecting the entire beam in a
conductive cup, to using current transformers, to using extremely sensitive superconductive
magnetometers [19]. Besides the varying sensitivity, some measurements technique are viable
only for beams with a given temporal distribution of particles or with a given energy.

2.1.1 Beam temporal structure

One of the most basic characteristics of any particle beam is its longitudinal electric charge
distribution. Besides the number of particles itself, this is probably the most crucial specification
to consider when choosing or designing a beam intensity sensor. The following paragraphs
formally define the terms commonly used to discuss the longitudinal beam composition.

DC beam

Possibly the simplest time structure for any beam is a continuous uniform flux of particles. Due
to the lack of any modulation along the movement axis, such beams are often referred to as DC
beams. Historically, they were used extensively in early accelerators but even nowadays they
find industrial use when low beam energy is sufficient [20].

Such beams occasionally find application also in HEP for colliding particles with stationary
targets [21]. However, they rarely appear in beam-beam colliders.
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Bunched beam

In HEP, rather than forming a continuous stream, most beams consist of discrete packets of
particles called bunches. The distribution of particles along the axis of motion gives a bunch its
shape, often also called the longitudinal profile. Theoretical analyses typically consider bunches
to follow the Gaussian distribution, with cos?-like functions being a close second. Real bunches,
however, have more complex shapes [22]. Moreover, sometimes to optimise the accelerator per-
formance, physicists deliberately modify the bunch shape to achieve a very specific profile [23].

To describe the evolution of the longitudinal bunch shape without depending on its formal
mathematical description, a concept of bunch length becomes very helpful. Although its precise
definition can vary between the accelerator laboratories, the bunch length is a generalised way
to express that a given time period contains a given fraction of the total bunch intensity. For
example, in the LHC the bunch length is defined as four standard deviation of a Gaussian func-
tion fitted over the measured longitudinal bunch profile [24]. Despite disregarding the accurate
longitudinal bunch shape, this method is very robust for monitoring the accelerator operation.

A collection of bunches forms a train, also called a batch, with the interval between two
consecutive bunches referred to as the bunch spacing. If the bunches making up a train are
equidistant and they fill up the entire accelerator, they form a Continuous Wave (CW) beam.
Both scientific and industrial accelerators use such beams to reach a high average beam power.
The individual bunch parameters in a CW beam might vary a little from bunch to bunch, however,
CW accelerators attempt to deliver beams as uniform as possible.

Even though CW beams present some attractive benefits, in many accelerators the beam
structure is more intricate, especially when the beam must transfer between many accelerators in
large HEP laboratories. To safely eject a high energy beam from a circular accelerator, extraction
electromagnets require a time window without any particles present. In general, the higher the
beam energy, the longer is the needed quiet interval. Four smaller machines pre-accelerate the
proton bunches collided in the LHC, with each of them featuring its own required quiet time.
The resulting structure, an example of which is shown in Fig. 2.1, can be rather complicated
with bunches not occupying all of the available slots.

Some particles can escape their bunch due to accelerator imperfections. This phenomena is
referred to as debunching and not only can it pose a significant risk to the machine but it might
also compromise beam intensity measurements as some sensing methods are not sensitive to
particles not contained within a bunch. Some accelerators feature two or more beam intensity
monitors using different technologies with one capable of measuring the entire beam and other
focusing only on individual bunches.

2.1.2 Beam and bunch current

By definition, a charged particle Q moving across space constitutes an electric current i equal to
the rate of flow of electric charge through some reference region:

_do

i= a 2.1
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Figure 2.1: Example of a possible temporal structure of an LHC beam.

A beam made of N particles with a charge ej each, travelling in an accelerator of a length [
with a speed v comprises a beam current ig:

iB = Neo% (2'2)

In circular accelerators the term [/v is the revolution period T, i.e. the interval a particle
needs to complete a full circle around the accelerator. Hence, eq. 2.2 becomes:
Neo

T

It is important to note that such a definition of beam current in entirely independent from
the longitudinal distribution of charges within the beam and accounts for particles contained
within bunches as well as any debunched charges.

The concept of bunch current iy, helps with obtaining an insight into the temporal distribution
of the beam. A bunch made of N particles with a charge e, each, occupying a dedicated bunch

10
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spacing interval T;, constitutes an instantaneous current:

dN |*+3T
ip () =eg— 2.4
p(E)=¢g dt -1, (2.4)
The above definition directly implies that the shape of a bunch current pulse is the same as
its longitudinal profile. For example, the instantaneous current of a gaussian-shaped bunch with

a standard deviation o is given by:

1
+35Ty

(2.5)

. eoN —tz
(0= 7= exp( 10

1
—3Tp

2.1.3 Image current

A stationary charged particle Q in vacuum with permittivity €, is associated with its electric field
E which at a distance r from the particle is given by [2, p. 4-9]:

Q .

E= 2.6
47teor3r (2.6)

As long as the studied particle is stationary in the chosen frame of reference, there is no
magnetic field H which can be derived from it [2, p. 13-1]. For particles in motion, both E and
H become non-zero and time-varying.

Following Lorentz transformation, the electric and magnetic fields produced by a charged
particle moving at a constant velocity |v| = ¢, with ¢ being the speed of light in vacuum, can
be expressed as [25]:

= ]._ 2
E=—2 R 2.7)
4meor® (1 _gagin2 )}
H= €0 (17’ X E) (2.8)

where 0 is the angle between 7 and V.
For a particle moving along the z axis in a three-dimensional coordinate system (x,y,2),
eq. 2.7 can be split into its Cartesian components:

Q 1

= 47-[—601—_/527')( (2.9)
S
E, = amey \/1_7/521*), (2.10)
__Q 1 _p2
E, = Tmee (1-p2)r, (2.11)

At high particle velocities, i.e. high values of 3, the transverse electric field components E,
and E, increase, whilst the longitudinal components E, decreases. For relativistic particles with
P ~ 1 an assumption that the electromagnetic field is purely transverse is often justified.

In most particle accelerators the beam travels inside a grounded metal vacuum chamber
which yields a well-defined boundary condition for eq. 2.7. A charged particle in an infinitely

11
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long round metal tube does not generate any electric field lines parallel to the tube’s axis, mean-
ing that all the field lines collapse on the tube walls [26]:

E; =0 (2.12)

Since there cannot be any electric field inside a perfect conductor, the Gauss’s law dictates
that an equal charge of the opposite sign induced on the tube’s inner wall must balance any
charge contained within an infinitely long conducting tube [2, p. 6-9]. In particle accelerators,
such charge induced by the beam on the vacuum chamber walls is often referred to as the
image or wall charge. A complete mathematical description of the image charge distribution is
complicated and requires solving Bessel functions [27]. However, the Root Mean Square (RMS)
value o, of this distribution has a simple form which depends only on the beam pipe radius rgp
and the particle velocity in relation to the speed of light in vacuum v = 3¢ [26]:

_ 2\ I'eP
o,=(1-p )ﬁ (2.13)

As the particle’s speed increases, 0, decreases implying that the image charge focuses trans-
versely to the particle. In the relativistic limit § — 1 all image charge is contained on a plane
perpendicular to the particle motion, as shown in Fig. 2.2.

For a beam charge Qy made of multiple moving particles, the induced image charge Q,, is a
superposition of the image charges due to the individual particles. As illustrated in Fig. 2.3, ata
ultra-relativistic velocity with 8 ~ 1 the longitudinal densities of both charges along the motion
axis z are the same:

Qw (z) =—Qp(z) (2.14)

Based on eq. 2.4, this implies that for an ultra-relativistic beam made of N particles with a
charge e, each, the electric current caused by the image charge is equal to the instantaneous
beam current with the opposite sign:

. dN .
iy, (t) =—eqg— = —ip (t) (2.15)
dt
---------- V-g------ - - - - ---- VJ------
v=0 O<v<ec VRC

Figure 2.2: Lorentz contraction of the image field lines for a particle at rest (a), travelling below
the speed of light (b), and travelling at approximately the speed of light in vacuum (c).
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Figure 2.3: Image charge Q,y induced on the vacuum chamber by an ultrarelativistic beam Qg.

This current is typically referred to as the image or wall current. Operation of many beam
instrumentation systems, including beam current monitors described in detail further, often re-
lies on the existence of the wall current. However, an important caveat to emphasise is that the
wall current is a result of longitudinal beam charge density modulation. Therefore, DC beams
do not induce it neither does it exist for the DC component of bunched beams.

The image charge induced by ultra-relativistic beams has the same longitudinal density as the
the beam charge regardless of the transverse beam position. Its azimuthal distribution, on the
other hand, strictly depends not only on the beam position but also on the shape of the vacuum
chamber [28]. This effect must be taken into account during design of any beam instrumentation
sensor intended to use the wall current as a proxy to beam charge measurements.

2.1.4 From current to charge, to intensity

The beam and image currents are manifestations of the respective charges and can as such
become intermediaries for beam intensity measurements.

Let’s consider an ideal sensor generating a signal which mirrors the instantaneous beam cur-
rent iz over some period [tg, t;]. By definition, electric current is the rate of flow of charge
through some reference region. Integrating the measured current iy over the period [tg, t;]
yields the beam charge Qg which had traversed through the ideal sensor (constituting the ref-
erence region): t

1
Qp = J ig (t)dt (2.16)
to

In a vast majority of cases, beams used in scientific accelerators comprise a single particle
type with a known charge. Hence, dividing the beam charge Qg by the single particle charge e,
gives the beam intensity, i.e. the number of particles making up the beam:

t
1
€ o Jg,
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2.1.5 Integrals of low-pass filtered signals

Let’s consider a particle beam going around a circular accelerator with a revolution period of
2m. Due to its inherent periodicity, the beam current iz expands to a Fourier series:

iB(t)=a0+Zancos(n t)+2bn sin(nt) (2.18)
n=1 n=1

where ay is a frequency-independent term and a,,, b, are coefficients of the nth harmonic com-
ponent of the beam spectrum.

In order to obtain the total circulating beam charge Qg one can integrate the beam current
over the revolution period 27:

27 27 [} 0
Qp =J ig(t)dt =J (a0+2ancos(n t)+an sin(n t)) dt (2.19)
0 0

n=1 n=1

which, applying the linearity of integration principle, can be rewritten as:

o) 2 0 2m
Qg = 2na0+2(anJ cos(n t)dt) +Z(an sin(n t)dt) (2.20)
0 0

n=1 n=1

Considering that integration of the cosine and sine functions over any multiple of the fun-
damental period 27 gives O:

27 2m
J cos(nt)dt = J sin(nt)dt=0 (2.21)
0 0

the two sum terms in equation 2.20 cancel out, finally yielding:
Qg =2mag, (2.22)

Since no assumptions about the signal temporal structure were made, the above reasoning
proves that the information about the beam charge is contained in the 0 Hz component of the
beam current provided that the integration period covers the entire signal.

One could argue that beam intensity measurements do not require the high frequency com-
ponents of the beam current to be measured. However, without those components, the duration
of the observed signal increases since any sharp rising and falling edges effectively stretch out.
Consequently, the integration period required to contain the entire signal also increases.

Let’s consider a signal y(t) defined as:

0 t<0
y(t)=tg- 1 0<t<t (2.23)
1
0 t>t;

An ideal first-order low-pass linear-phase filter with a cut-off frequency f = (2n7)~! with

14



Chapter 2. Beam intensity measurements

y(t) at the input, generates an output signal y’(t) [29, pp. 53-55]:

0 t<0
y'(t)= tg- l—exp= 0<t<t, (2.24)
1
exp@—exp? t>t;

Figure 2.4, showing both y(t) and y’(t), clearly demonstrates the low-pass filter stretching
effect. Following low-pass filtering also the signal amplitude decreases.

To study the importance of choosing an appropriate integration window for low-pass signals,
let’s integrate both y(t) and y’(t) over a period [0, t,] such that:

0<t; <ty (2.25)

Integration of the original signal yields:

ty Q ty ta
f y(t)dt =— (J dt +f Odt) =Q (2.26)
0 ty 0 t1

The integral of the low-passed signal has a more complicated form:

to t1 t ty ty
f y'(t)de = Q(J dt—J exp—tdt+f expgdt—J exp—tdt) (2.27)
0 ti \Jo 0 T t T t T

which reduces to:

tz _
f y’(t)dt=Q(1—1expﬁ(expt—1—1)) (2.28)
0 t T T

1

The exact solution to eq. 2.28 depends on the relations between the input pulse duration ¢4,
the integration window t, and the low-pass filter time constant 7. The equation can be further
analysed for a special case whereby the input pulse is much shorter than the integration window
ie. t; < tyort; —0.

| | I

o Q/ ty 1 o e e e e —— Before filtering |
—g —— After filtering
a
g
<
=
£
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| | |
0 bt ty

Time

Figure 2.4: Generalised time response of a low-pass filter.
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With L'Hospital’s rule, one can prove that:
1 t
lim — (exp =< 1) = (2.29)
For the special case explained above, eq. 2.28 reduces to:
ty —t
limJ y(6)dt zQ(l—exp —2) (2.30)
t1—>0 0 T
Let a be the ratio of the integrals of y’(t) and y(t) when t; — 0. To chose an integration

window t, which guarantees capturing a given ratio of the true signal integral when using a
low-pass filter with a time constant 7, one can use the following inequality:

ty .
J y)dt>aQ < Q(l —exp ﬁ) > aQ (2.31)
o T

which can be solved for t,:

f22TIH(1 ! ) (2.32)

—a
It is then possible to calculate that to contain e.g. 99.99 % of the low-passed signal integral,
the integration window t, must be at least 9.21 time longer than the filter’s time constant 7.
Even though the above analysis assumed idealised signals and filters, its results can help with
an early evaluation if it is likely that a given configuration will achieve the specified precision.
Nevertheless, more accurate numerical simulations using realistic inputs and filters should be
performed whenever low-pass signals are to be precisely integrated. Figures 2.5 and 2.6 show
examples of such simulations for typical LHC bunch current signals.

| |
1.0 No filter =
—— 1 GHz LPF

S os —— 200 MHz LPF ||
= Y 40 MHz LPF
%; —— 20 MHz LPF
£ 06
o
g
(4]
§ 0.4
2
£ 0.2
S I\

0.0 :

i
-5 0 5 10 15 20 25 30

Time [ns]

Figure 2.5: Time-domain effect of low-pass filtering on a typical LHC bunch.
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Figure 2.6: Effect of low-pass filter’s corner frequency on a typical LHC bunch.

2.1.6 Bunch intensity measurements with no DC component

Some sensors used for beam instrumentation have reduced sensitivity at low frequencies and

might even be incapable of measuring purely static DC signals. The previous section showed

that the lack of the DC component would result in the signal integral equal to O for a very long

integration period. However, this is not necessarily the case if shorter intervals are analysed.
Let’s consider a signal y(t) defined as in the previous section:

0 t<0
y(t)=tg- 1 0<t<ty (2.33)
1
0 t>1t;

After passing through an ideal first-order high-pass linear-phase filter with a cut-off fre-
quency f = (2m7t)7}, y(t) becomes y”(t) [29, pp. 53-55]:

0 t<0
y'(t)= tg {exp=t 0<t<t (2.34)
1 — g—
exp%t—exp(tTtl) t>t;

With a non-zero value for t > tq, it is evident that high-pass filters also stretch their input
signals. Contrary to low-pass filters, the output signal polarity changes at t; as demonstrated in
Fig. 2.7.
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Figure 2.7: Generalised time response of a high-pass filter.

To evaluate the impact of the lack of the DC component, one can follow the analysis described
in the previous section. Integration of both y(t) and y”(t) over a period [0, t,] (0 < t; < t3)

ty Q ty ty
f y(t)dt=— (f dt +J Odt) =Q (2.35)
0 t 0 tq

ty
—t t
f y'(t)dt = gexp—z(exp—l—l) (2.36)
0 tl T T

yields:

For an input pulse much shorter than the integration window (i.e. t; — 0), the second
integral reduces to:

ty
—t
lim J y"(£)dt = Qexp —2 (2.37)
6-0 J T

Let 3 be the ratio of the integrals of y”/(t) and y(t) when t; — 0. To chose the time constant
of a high pass filter T which guarantees capturing a given ratio of the true integral of a high-
passed signal over the integration interval t,, one can use the following inequality:

ta
—t
f y'()dt>pQ & Qexp—2>pQ (2.38)
0 T
which after solving for 7 yields:
>—= 2.3
= mp (2:39)

The above inequality leads to the conclusion that to contain e.g. 99.99 % of the high-passed
signal integral, the filter time constant T must be at least 9999.5 times longer than the considered
integration window t,. Although the same integration precision was considered, the required
ratio of t, to T is over three orders of magnitude higher than in the case of low-passed signals.

Once again the analysis assumed idealised signals and filters. Nevertheless, its results clearly
highlight the fact that without the low frequency components, using long integration windows
leads to imprecise results. One can accurately estimate the measurement error due to high-
pass filtering with numerical simulations using realistic signals and filters. Figures 2.8 and 2.9
exemplify this for typical LHC bunch current signals.
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Figure 2.8: Time-domain effect of high-pass filtering on a typical LHC bunch.
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2.2 Common beam intensity monitors

Over the years, researchers developed several beam intensity monitoring techniques, most of
which derive the beam intensity from measuring either the beam charge or the beam current,
as explained in section 2.1.4. As no two HEP accelerators are exactly the same, there can be no
universal beam intensity measurement system. This section describes the four most commonly
used monitor types. Other solutions exist for more unusual types of beams, but, as they would
not be applicable at the LHC, they are not discussed in detail.

2.2.1 Faraday cup

The most direct approach to measuring the beam current is to intercept the beam particles with
a conductive target and measuring the resulting current. Such sensors, called Faraday cups [19,
pp. 144-146], have been widely used since the very first accelerators were built.

When a particle beam hits a Faraday cup some of the charges backscatter, i.e. deflect back-
wards and escape the cup. Additionally, interactions of the beam particles with the cup atoms
can lead to an emission of electrons from the cup surface due to multiple scattering. Both of
these phenomena are sources of potential measurement errors and have to be taken into ac-
count when designing a Faraday cup. Two techniques commonly used to increase measurement
accuracy are making the cup’s opening as small as possible and applying a bias voltage or mag-
netic field at the cup’s entrance. The former presents a physical barrier for the escaping charges
while the latter creates an electromagnetic trap for low-energy particles. Figure 2.10 presents an
idealised realisation of a Faraday cup using a perfect ammeter to measure the incident current.

Intercepting the entire beam becomes a major engineering challenge at higher beam ener-
gies. Extremely energetic particles can travel through significant distances in ordinary materials
before they are absorbed. Moreover, dissipating the immense beam power converted into heat
might require a sophisticated high-capacity cooling circuit.

] Faraday cup
high voltage deflector

. current coupler
beam pipe

Figure 2.10: Principle of operation of a Faraday Cup.
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Faraday cups are totally destructive sensors as they effectively remove the measured beam
from the accelerator. Their use is limited to when it is possible to recreate a beam of the same
parameters in a short period of time. Nevertheless, Faraday cups find broad application in low
energy accelerators due to their simplicity and excellent sensitivity to low intensity beams.

2.2.2 Wall Current Monitor

Wall Current Monitors (WCMs) are non-intercepting sensors measuring the wall current defined
in section 2.1.3. A simple WCM features a number of resistors installed over an insulating insert
placed in the vacuum chamber [19, pp. 146-147].

The resistors electrically connect the beam pipe sections on either side of the insert. Since
the insert breaks a conductive path for the image current, it forces the charges to flow through
the resistors. Therefore, by measuring the voltage vy across the resistors Ryycy, One can easily
derive the beam current iy following Ohm’s law:

i = — WM (2.40)
Rwem

To avoid radiating the beam fields into the accelerator environment, a conductive shielding
encloses the resistors. This introduces a competing path for the image current, part of which
would not flow through the resistors, leading to a measurement error. To address this issue,
the space between the resistors and the shielding can be expanded and filled with magnetic
material such as ferrite. High permeability of the filler material effectively increases the shielding
impedance forcing a higher fraction of the image current to flow through the WCM resistors.
Moreover, due to their lossy characteristics, ferrites absorb the electromagnetic resonances which
would otherwise be created in the hollow space inside the shielding.

The third possible path an image current can take is through the capacitance of the dielectric
insert which typically limits the high-frequency performance of WCMs. Minimising the insert
capacitance is a significant engineering challenge and some WCMs replace the insulating insert
with a vacuum gap to lower the permittivity [30].

Figure 2.11 shows these three possible current paths together with an equivalent circuit of a
simple WCM. The very low frequency components of the image current flow through the shield-
ing whilst the high frequency components jump across the insert. The intermediate spectral
components develop a voltage across the sensing resistance R.

Lhield L

shield j;e1q

Ferrite core —__|
|

Conductive shield —_| \’f g i
22 —
Beam pipe \ IR _R
[Z==== | | ]

i i .
o i; insert
Insulating insert insert

Cinsert

g

Figure 2.11: Principle of operation of a Wall Current Monitor.

21



Chapter 2. Beam intensity measurements

As explained in section 2.1.3, the wall current does not carry any DC signal corresponding
to the beam charge. Even an ideal WCM with infinitely high shielding inductance could not
sense non-bunched beams. Moreover, due to the non-uniform azimuthal distribution of the
image charge for off-centred beams, WCM are inherently prone to an unwanted sensitivity to
the transverse beam position. A successful mitigation technique for this issues is using multiple
resistors distributed around the beam pipe and carefully combining their individual signals.

2.2.3 Beam Current Transformer

The intensity of the magnetic field generated by a particle beam in motion is proportional to the
beam charge [19, pp. 148-152]. A family of sensors collectively referred to as Beam Current
Transformers (BCTs) exploit this phenomena. Their principle of operation is very similar to a
classical current transformer, however, their primary winding is replaced by a particle beam
traversing a magnetic core wound with the secondary winding. There are many variations of
BCTs optimised for different temporal structures of particles beams. The three most commonly
used BCT types are described below.

AC Current Transformer

The AC Current Transformer (ACCT), also interchangeably referred to as the Fast Beam Current
Transformer (FBCT), consists of a single high-permeability magnetic core installed over a dielec-
tric insert placed in the vacuum chamber. The core is wound with a wire the ends of which are
connected through a sensing resistor Rgcp as shown in Fig. 2.12.

BCT secondary winding

sensing resistor

image current bypass —

. . . —— ; -
dielectric insert L] e

magnetic core

Figure 2.12: Principle of operation of an AC Current Transformer.
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A beam current iy induces a magnetic field By in the core [2, pp. 36.6-36.9]:

1 .
Bp = .Ur.uoz_lB (2.41)
nr

where u, is the relative permeability of the core, u, is the vacuum permeability and r is the
average radius of the core. Equation 2.41 assumes that the beam current is low enough not to
magnetically saturate the core, which is usually the case for ACCTs.

The time-varying field By then induces a current izcp in the wire wound N times around the
core which is proportional to the beam current [2, pp. 36.6-36.9]:

12nrBg

1
N uepo N

iBCT == iB (2.42)

Using Ohm’s law, one can derive the beam current from the voltage measured across the
sensing resistor Rgcr:

. VBCT
lB =N

(2.43)
Rper

The above equation is valid for intermediate and high frequencies. However, ACCTs are
inherently limited at low frequencies. The winding around the ACCT core constitutes an induct-
ance Lpcr [2, p. 36.9]:

A
Lpcr = Urlho ;N 2 (2.44)

where A is the cross-sectional area of the core. This inductance and the sensing resistor create
a high-pass filter with a cut-off frequency of [29, pp. 112-113]:

R
fecr =27 LBCT

(2.45)
BCT

As described in section 2.1.6, the lack of low-frequency components in the ACCT signal
limits the beam charge measurement accuracy for long integration windows. When necessary,
very high permeability magnetic cores and a reduced reducing value of the sensing resistance
can decrease the inherent ACCT low cut-off frequency.

Much like for the WCM, the dielectric insert breaks the conductive path for the image current.
To avoid any electromagnetic field of the beam leaking into the accelerator environment, a
conductive housing forming an image current bypass typically surrounds the ACCT magnetic
core. The empty volume inside the housing should be minimised not to create a resonant cavity
trapping some components of the beam field.

Since ACCTs couple directly to the electromagnetic field of a particle beam, the sensor can
be calibrated by running a known current or charge through a conductor installed in the core
centre. In practice, an additional wire wound around the core serves as the primary winding
during calibration. To minimise measurement error, care needs to be paid to avoid any capacitive
coupling between the calibration and the measurement windings as well as to reduce coupling
between the beam and the calibration winding.
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DC Current Transformer

Due to their inherent sensitivity to time-varying magnetic fields, the aforementioned ACCTs can
measure only the part of the beam current which is caused by a longitudinal variation in the
charge density. In some circular accelerators, physicists monitor also the total circulating charge
including any potentially unbunched particles. A common solution for this task are the DC
Current Transformers (DCCTs) which resemble fluxgate magnetometers and exploit non-linear
nature of the magnetic hysteresis loop [31].

A typical DCCT consists of two identical cores made of a soft ferromagnetic material featur-
ing their individual windings and an additional common winding installed around both cores.
Periodic modulation signals sent to the independent windings drive the cores into magnetic sat-
uration in anti-phase for each core. The common winding acts as the monitor’s output. Without
a particle beam present, the anti-symmetric modulation cancels out any signal induced on the
sensing winding by the external excitation. Adding a beam current changes the magnetic work-
ing point of each core effectively breaking the modulation’s anti-symmetry leading to some signal
appearing on the monitor’s output.

Some DCCTs operate in a feedback mode whereby yet another common winding adds an
external quasi-DC signal. In such configuration, when the quasi-DC signal is equal to the beam
current but has the opposite polarity, the modulation anti-symmetry between the two cores is
restored and no signal appears on the monitor’s output. It is then sufficient to measure the
current set automatically by a feedback loop designed to maintain the DCCT output at O rather
than to directly measure the monitor’s output.

Optimised DCCTs are very sensitive and accurate monitors reaching a measurement resol-
ution of 1pA [31]. Such performance requires two nearly identical magnetic cores which, in
practice, is extremely difficult to achieve.

DCCTs can be precisely calibrated using static signals and in some accelerator facilities they
are the reference beam current monitors used to cross-calibrate other sensors. Nevertheless,
DCCTs cannot sense any temporal variation in the beam current and are typically accompanied
by another kind of faster monitor.

Integrating Current Transformer

The Integrating Current Transformers (ICTs) exploit the phenomenon explained in section 2.1.5
whereby the signal integral is carried by only its low-frequency components for sufficiently long
integration windows. The ICT intentionally “stretches” its output signal by pre-integrating the
measured bunch current which leads to a permanent loss of any information about precise lon-
gitudinal distribution of the bunch charge.

Most of the ICTs installed in accelerator laboratories around the world are commercial
devices with proprietary non-published design. Some facilities tried to developed their own
ICTs by enclosing a magnetic core in a conductive shell with a capacitive gap [32]. The shell
forms a low-pass filter for the electromagnetic field carried by a particle beam which is equivalent
to pre-integrating the signal.

ICTs are a good solution to measure low-duty-cycle beams in which the bunches are much
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shorter than the bunch spacing or a train of bunches is followed by a relatively long empty period.
In such conditions, the sensor works similar to an envelope detector and, provided sufficiently
large bunch spacing, the ICT can measure intensity on a bunch-by-bunch basis.

Calibrating ICTs is possible following the ACCT approach by introducing an extra winding
for a known current or charge. Monitors operating as envelope detectors might require the
calibration signal’s shape to resemble that of the particle beam.

2.2.4 Beam Position Monitor

As the electromagnetic field magnitude is proportional to the current causing it, most detectors
used in beam instrumentation are inherently sensitive to the beam current. Sensors optimised to
measure another observable can often act as beam intensity monitors. A prime example of this
are Beam Position Monitors (BPMs) which in some cases reach better beam charge measurement
resolution than dedicated beam intensity monitors [33].

An ordinary BPM consists of two or four antennas installed inside the vacuum chamber
coupling to the electromagnetic field carried by a particle beam [34]. Typically, the BPM antenna
distribution is azimuthally symmetric around the ideal beam motion axis. For a perfectly centred
beam, the signals of all antennas are equal and proportional to the beam intensity. As the beam
moves closer to one antenna, its signal increases while those of the remaining antennas decrease.
Small differences between those signals infer the transverse beam position.

For such a BPM the sum of all antenna signals is proportional to the beam intensity regard-
less of its transverse position [34]. This makes BPMs an attractive candidate for beam intensity
monitoring especially in accelerators where the space is sparse and installing dedicated instru-
mentation for measuring the beam charge might not be possible.

2.3 Beam intensity measurements in the LHC

2.3.1 Beams in the LHC

In general, beam instrumentation sensors are optimised for a given accelerator and the type of
beam it uses. Table 2.1 and the following paragraphs summarise those parameters of the LHC
beams which are most important for beam and bunch intensity measurements. An exhaustive
list of other parameters is available in the LHC Design Report [35].

Each of the LHC rings has a circumference of 26.659 km. A particle beam travelling virtually
at the speed of light takes 88.925 s to complete one turn around the accelerator which yields
a revolution frequency of 11.245 kHz.

Superconducting RF cavities operating at 400.8 MHz accelerate the LHC beams. This RF
frequency defines the fundamental limit for the minimum distance between two consecutive
bunches of 2.495 ns with the maximum number of slots, called the RF buckets, available for
bunches being 35 640. In practice, a vast majority of them remains empty and the number of
circulating bunches in each ring does not exceed 2808.

During regular LHC operation, only one in every ten buckets can potentially contain a bunch
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Table 2.1: Parameters of common LHC bunches.

Pilot Nominal Future Ion
Intensity [charges] 5x10° 1.2x10% 22x10! 5 x 10°
Charge [nC] 0.8 19.23 35.25 0.8
Peak current [A] 1.28 30.68 56.25 1.28
Bunch spacing [ns] multiple of 24.95
Bunch length [ns] 1.0to 1.2

increasing the effective bunch spacing tenfold to 24.95ns'. A rare exception to this is when the
accelerator runs in the so-called doublet mode in which each bunch is split into two separ-
ate parts spaced by 4.99 ns followed by a 19.96 ns long empty gap. Furthermore, some of the
24.95 ns slots must remain empty due to the manner in which the beam travels through success-
ive parts of the accelerator complex. Most notably, the LHC beam must imperatively contain a
particle-free window of at least 3 us, referred to as the abort gap, to accommodate the time it
takes to reconfigure the accelerator to safely dispose of the beam.

The longitudinal charge distribution within a typical LHC bunch is approximately Gaussian.
The bunch length, defined as four standard deviations of a fitted gaussian curve (oy,), varies
between 1.0 and 1.6 ns with bunches as short as 0.6 ns used for dedicated physics studies [24].

Beams circulating in the LHC predominantly consist of protons which are the most funda-
mental charged hadron. Occasionally, one or both LHC rings accelerate bunches made of heavy
ions with fully-stripped lead nuclei being used the most commonly.

A nominal LHC bunch used for high-energy proton collisions contains around 1.2 x 10!
particles yielding a charge of 19.23 nC and a peak current of 30.68 A. Before injecting any such
high-intensity bunch into the accelerator, physicists validate the machine configuration with a
single low-intensity bunch, typically referred to as a pilot bunch, made of around 5x 10 particles
(charge of 0.8 nC, peak current of 1.28 A). Pilot bunches are instrumental also during study
periods to minimise any risk when the accelerator uses non-standard setting. In the future, after
a series of planned major upgrades, the nominal bunch intensity might increase up to 2.2 x 10*!
protons per bunch (charge of 35.25 nC, peak current of 56.25 A). The ion bunches typically have
intensity close to that of a proton pilot, i.e. 5 x 10° charges per bunch.

Intensity of the entire LHC beam can vary from a single pilot bunch to a set of 2808 nominal
bunches spanning almost 5 orders of magnitude between 5x 10° and 3.37x10'4. The equivalent
DC beam current ranges from 9 pA to 607 mA.

2.3.2 LHC Fast Beam Current Transformers and DC Current Transformers

The substantial difference between the peak bunch current and the DC beam current warrants
using a dedicated type of beam instrumentation sensor to measure each one of them. Moreover,
like in most HEP accelerators, the LHC requires constant monitoring of the number of unbunched

For the sake of simplicity this number is commonly rounded up to 25ns in publications. Operational systems
derive the exact bunch spacing time from a precise RF signal distributed around the accelerator. The same convention
will be followed in the remainder of this thesis.
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particles constituting DC current to ensure safety of the machine.

Two DCCTs installed on each LHC ring measure the total circulating beam intensity. They
were designed at CERN and feature three magnetic cores made of a high-permeability nanocrys-
taline alloy [36]. Two cores, carefully paired to be nearly identical, perform DC measurements
as described in section 2.2.3 whilst the third one forms a simple ACCT to extend the sensor’s
bandwidth. A specially designed magnetic shielding isolates the DCCTs from any external inter-
ference which could potentially impair the measurement.

In the first years of the LHC operation, intensities of individual bunches were measured with
ACCTs which at CERN are commonly referred to as Fast Beam Current Transformers (FBCTSs).
There are two such sensors, based on a commercial 1 : 40 transformer developed by Bergoz
Instrumentation, on each LHC ring [37]. The FBCTs and their front-end electronics work over a
wide frequency range from around 200 Hz up to 200 MHz and provide continuous bunch intens-
ity measurements in 25 ns intervals. Each sensor features an additional independent winding to
inject calibration signals. Some fundamental shortcomings of the FBCTs, discussed in detail at
the end of the chapter, led to development of new bunch intensity sensors, one of which is the
subject of this dissertation.

2.3.3 Signal acquisition with analogue integrators

The FBCT produces a time-varying signal which is proportional to the instantaneous beam cur-
rent within the device’s bandwidth. To derive the bunch intensity, this signal must be integrated
as explained in section 2.1.4. During the first years of LHC operation, this was achieved with
analogue integrators designed by the LHCb collaboration for a system discriminating the kind
of particle produced during a high-energy collision [38].

As bunch intensity measurements must be continuous, and analogue integrators require
some dead time before taking new input, the FBCT front-end electronics uses two separate
integrators interleaving between odd and even 25 ns bunch slots [39]. Unavoidable asymmetries
of both integrators caused a clear discrepancy in measurements of bunches in consecutive slots
[40]. Moreover, the effective integration window of each device was different but always shorter
than the 25 ns required to capture all available data. To maximise the amount of signal visible
to the integrators, the FBCTs had to be manually phased against the reference clock and re-
calibrated with the DCCTs. The very time-consuming nature of such a procedure had a negative
impact on the LHC operation since during that period the accelerator could not serve its primary
function of colliding high-energy beams.

Due to the lack of a DC component in the FBCT output, the signal baseline constantly drifts
as explained in section 2.1.6. Two components are integrated simultaneously: the beam signal
and a quasi-static offset. The latter must be compensated for to minimise the measurement error.
The front-end electronics using analogue integrators measured the signal baseline in the abort
gap, i.e. over a 3 j1s period without any particles every 89 yis, and subtracted the measured value
from the FBCT output as a static offset. However, even though the signal baseline is constant
over each 25 ns bunch slot due to the 200 Hz low cut-off frequency of the FBCT, this is not true
for the entire 89 ps window. By applying the same offset to each bunch, the algorithm could not
reliably correct the data.
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Even if the FBCTs were to be replaced by a more accurate sensor, the above issues with
analogue integrators would continue to limit the LHC bunch intensity measurement system per-
formance. Therefore, parallel to the development of a new beam sensor described in this thesis,
another team worked on a separate project to upgrade the acquisition electronics.

2.3.4 Migration to digital signal acquisition

The thesis’ author did not take an active part in the development presented in this section.
However, this work had important implications on the thesis’ results and is thus briefly discussed.
Recent progress in fast-sampling Analogue-to-Digial Converters (ADCs) has made them an
interesting candidate for an upgraded LHC bunch intensity measurement acquisition system.
Direct digital processing of FBCT signals would overcome the major limitations of analogue
integrators at the cost of a large amount of data to be processed at high throughput. Studies
confirmed that accurate LHC bunch intensity measurement are possible using a commercially-
available module featuring a 14-bit ADC with the maximum sampling rate of 1.25 GSPS [41].

Some conditioning of the analogue signal produced by a bunch intensity sensor is necessary
to increase the efficiency of an ADC-based acquisition system. Firstly, a low-pass filter should
stretch the signal to fill up the available 25 ns window. However, it might be desirable to have a
few baseline samples available at the end of the bunch slot and a pulse length of approximately
22 nsis a good compromise. Secondly, the signal produced by a nominal LHC bunch should cover
around 80 % of the ADC input range. Dedicated analogue front-end electronics can satisfy both
of these functions.

Once the ADC digitises the analogue signals, it becomes possible to exploit many digital
signal processing techniques. Automatic data-driven detection of bunches can replace manual
phasing against a reference clock. The signal baseline can be accurately corrected for each in-
dividual bunch. Moreover, since the ADC can continuously sample its input, any discrepancies
between odd and even bunches disappear. Due to the clear advantages, soon after a prototype
validation with beam, the digital signal acquisition system quickly replaced the analogue integ-
rators for bunch intensity measurements in the LHC. This migration took place at the same time
as the sensor development presented in this thesis.

2.3.5 Other instruments measuring bunch intensity in the LHC

Due to the FBCT limitations discovered in the first years of the LHC operation, physicists looked
also at other sensors already installed in the accelerator. Although the instruments described
below measure primarily other beam properties, it was possible to successfully exploit their
inherent sensitivity to the bunch current.

Wall Current Monitor

Monitoring of the longitudinal distribution of electric charge within the LHC bunches is crucial
for understanding how the beam evolves over time and how it reacts to changes in the accelerator
configuration. Three WCMs installed on each LHC ring provide such measurements. The sensors
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display an excellent high-frequency performance and reproduce the instantaneous bunch current
as accurately as possible [30].

A straight-forward way to exploit a WCM for bunch intensity measurements is to integrate its
output signal. However, in the case of the LHC monitors, their low-cut off frequency of 80 kHz
leads to non-negligible baseline drifts and, consequently, integration errors. In some cases such
limited measurement accuracy could be acceptable and the LHC WCM signals are sufficient to
analyse the relative differences in intensities of different bunches.

Experiment timing pick-up

To ensure a good quality of their data, the four large LHC experiments must be precisely syn-
chronised with the clock signals used to accelerate the beam. Optical links deliver accurate
timing pulses to each experiment but, due to phase drifts, the signal phase has to be independ-
ently established. This is achieved with a set of special BPMs referred to as the BPTXs [42]. Each
side of each experiment hosts one such sensor to monitor the incoming beam. With a pair of
BPTXs installed symmetrically around the collision point, the experiments can use their signals
to correct the relative phase between the accelerator clock and the internal experiment timing.

The BPTX features four beam-coupling antennas producing signals which could be used to
reconstruct the transverse beam position. Adding up these four signals together with an external
power combiner generates a signal which is independent of the beam position but proportional
to the instantaneous bunch current within the monitor’s bandwidth as explained in section 2.2.4.
Unfortunately, due to the low cut-off frequency of the BPTX in the order of 100 MHz, integration
of this signal over a 25 ns window would yield 0 as it was proven in section 2.1.6. Nevertheless,
assuming that each bunch has the same longitudinal charge distribution, the BPTX signal amp-
litude is proportional to the relative intensity of each bunch. The experiments have exploited
this BPTX feature as an FBCT-independent way of measuring the LHC bunch intensity.

Longitudinal Density Monitor

Due to accelerator chain imperfections, the main bunches are often surrounded by much less
intense packets of particles, often referred to as satellite and ghosts bunches, which are virtually
undetectable for classical instruments. Nevertheless, with the high energy carried by each beam
particle, even such low intensity bunches pose a significant risk to the accelerator components
and machine safety considerations warrant their constant monitoring.

To fulfil this function, the LHC features the Longitudinal Density Monitor (LDM) capable of
detecting single photons of synchrotron radiation produced when a high-energy beam follows a
curved trajectory [43]. As the photon flux is directly proportional to the number of particles in
motion, the LDM is an extremely sensitive bunch intensity monitor with a temporal resolution of
50 ps and dynamic range exceeding five orders of magnitude. However, to achieve such stellar
performance, the LDM must acquire synchrotron radiation over several minutes. Since the LHC
requires bunch intensity measurements at a much higher rate, the LDM cannot serve as the main
bunch intensity monitor.
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2.3.6 Motivation for development of a new monitor

The 2010 LHC commissioning revealed several issues limiting the performance of the DCCTs and
FBCTs [17]. The former were erroneously sensitive to the filling pattern, i.e. which 25 ns slots
contain bunches and which ones are empty, resulting in an inaccuracy of several percent. The
underlying problem was solved already in 2011 [44] and the DCCTs have very reliably served
as the reference DC beam current sensors ever since.

Significant imperfections of the FBCTs also became apparent. Most notably the sensors dis-
played an unwanted sensitivity to the transverse beam position and bunch length. In the former
case, the bunch intensity reported by the monitor would change when the beam moved trans-
versely inside the vacuum chamber even though the number of particles remained constant. The
same behaviour occurred when bunches shortened or lengthened. Both effects yielded a meas-
urement error up to a few percent exceeding the original specification of +1 % [45]. In 2011 the
FBCTs were equipped with analogue 70 MHz low-pass filters which decreased their sensitivity
to the beam position and bunch length [46]. Nevertheless, the effects remained measurable
and were deemed as a significant limitation of the monitor’s performance.

Another problem arose due to the mismatch in the DCCT and FBCT measurements. In
principle, provided that there are no unbunched particles, the sum of intensities of individual
bunches measured by the FBCT should be equal to the DCCT data. Discrepancies of up to several
percent were common and a detailed study attributed them to the aforementioned FBCT sens-
itivities to more than just the bunch intensity. The only identified solution was to periodically
cross-calibrate the two sensors using the DCCT as a reference [47].

The above FBCT shortcomings were regarded as inherent to the monitor and impractical
to effectively mitigate. Therefore, a competitive development of two alternative sensors star-
ted in 2013 with the goal of installing a prototype device in the LHC by early 2015. Bergoz
Instrumentation, who supplied the original FBCT sensor, designed an ICT in collaboration with
CERN [32]. As a fully in-house alternative, the author developed a new kind of bunch intensity
sensor, the Wall Current Transformer (WCT) which is the subject of this thesis. The remaining
thesis’ chapters describe the sensor in great detail.

The thesis statement of this dissertation can hence be stated as:

It is possible to design an electromagnetic sensor based on observation of the im-
age current induced on the vacuum chamber wall for continuous, precise, and
non-intercepting measurements of the LHC bunch intensity within a 25 ns window.
The developed sensor can be compatible with the mechanical and operational con-
straints imposed by the LHC environment. It can also generate adequate signals for
front-end electronics based on analogue integrators as well as an upgraded digital
sampling acquisition system.
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Chapter 3

Wall Current Transformer for the LHC

The chapter opens with a brief specification drafted for the Wall Current Transformer (WCT).
The proposed sensor’s principle of operation is then derived from a detailed electrical model
leading to a discussion of engineering choices made for the LHC sensor. Subsequently, the main
aspects of the WCT’s mechanical design are presented, in particular the monitor’s compatibility
with the LHC environment. The chapter concludes with an overview of the developed analogue
front-end electronics which adapt the WCT’s signals to the various signal acquisition systems.

3.1 Desired characteristics of the new monitor

To successfully replace the LHC FBCTs, any new bunch intensity monitor must address the short-
comings of the original detector. In particular, unwanted sensitivity to the transverse beam po-
sition and bunch length must be minimised. Moreover, a possibility of calibration independent
of the DCCTs should be envisaged already at the design stage.

Given the short development and installation time available, any potential FBCT replacement
should reuse as much of the existing infrastructure as possible. Specifically, the new detector
should be mechanically compatible with the already installed vacuum chamber with its support
and the dielectric insert. This imposes the envelope dimensions of:

e minimum internal diameter: 84 mm

e maximum external diameter: 300 mm
* minimum length: 40 mm

* maximum length: 290 mm

A detector which can be installed and removed from the beam pipe without venting the
vacuum should be preferred. The non-cryogenic sections of the LHC vacuum chambers routinely
undergo a so-called bakeout during which the beam pipe is heated to around 300 °C to improve
the vacuum quality. The LHC equipment installed directly on the beam pipe must either sustain
such high temperatures or be temporarily displaced whenever bakeout takes places. The LHC
FBCTs sit on sliders which allow them to be manually moved over to a specially-designed water-
cooling station. Should the new monitor not require in-situ cooling, the complex water supply
circuit could be decommissioned.

The waveforms generated by the new monitor must be adapted to all signal acquisition
systems used for bunch intensity measurements in the LHC. As discussed previously in section
2.3.4, the new detector development coincided with a migration from analogue-integrator-based
electronics to modern fast-sampling ADCs. Both systems were foreseen to run in parallel until
the digital system is demonstrated to outperform the analogue integrators. The amplitude and
length of the new detector’s output pulse must suit both systems. The analogue integrators
input signal must be limited to 1.2V and should not be longer than approximately 22 ns whilst
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the ADC-based system acquires a samples every 1.54 ns and its input cannot exceed £420 mV.
Moreover, the new monitor’s low cut-off frequency should be minimised to reduce the error due
to signal baseline reconstruction, as explained in section 2.3.3.

Equations 2.39 and 2.32 impose the required cut-off frequencies of a bunch intensity monitor
integrating signals within a 25 ns window. With the maximum permissible total measurement
error of 0.1 % it seems justified to limit the inaccuracy of the the signal leaking outside of the
integration window to not more than 0.01 % which gives the maximum low cut-off frequency
and the minimum high-cut off frequency, respectively, as follows:

f. < 640Hz (3.1)

fu > 59 MHz (3.2)

Finally, the detector’s beam-coupling impedance, quantifying how much energy the beam
loses due to the monitor’s presence, should be minimised. Excessive impedance can not only
locally increase the temperature above to monitor’s damage level but also introduce instabilities
to the beam motion. The two main strategies to achieve low beam-coupling impedance are
avoiding any discontinuities on the beam-facing surface of the vacuum chamber, and minimising
volumes which can be filled by the beam’s electromagnetic field.

3.2 Principle of operation

Sections 2.2.2 and 2.2.3 demonstrated that both Wall Current Monitors (WCMs) and Beam Cur-
rent Transformers (BCTs) present some attractive advantages as bunch intensity monitors. The
former is well-suited to measure short pulses and senses the image current with small compon-
ents installed outside of the vacuum chamber. The latter can be calibrated with a known current
pulse and its low cut-off frequency can be reduced with high-permeability magnetic cores. The
features of both monitor types can be combined to create a new detector, the Wall Current
Transformer (WCT), which is the subject of this dissertation.

3.2.1 Overview

The WCT substitutes current-sensing resistors found in a typical WCM with small magnetic cores
made of a high-permeability nanocrystalline material commonly used to produce large toroids
for BCTs. The cores, mounted on a Printed Circuit Board (PCB), uniformly surround a dielectric
insert embedded into the vacuum chamber. The image current, for which the insert presents
a high-impedance gap, flows through conductive screws traversing the centre of each core. In
such a configuration the cores form RF transformers with the screw being the primary winding
and an additional thin wire wound to form the secondary winding. Moreover, a separate piece
of wire acts as a calibration winding, much like in a typical BCT.

Figure 3.1 presents a simplified model of the WCT. Upon arriving at the dielectric insert,
most of the image current flows through the conductive screws and couples to the small RF
transformers. To avoid radiating the beam’s electromagnetic field into the accelerator envir-
onment, the detector must be enclosed in a conductive housing which constitutes an image
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Figure 3.1: Principle of operation of the Wall Current Transformer.

current bypass at low frequencies. A high-permeability ferrite material fills the WCT’s housing
to increase its inductance and to effectively lower the frequency at which the image current
flows predominantly through the screws. An RF bypass consisting of series capacitors and res-
istors connects both sides of the dielectric insert to control the high-frequency behaviour of the
detector. A small part of the image current at high frequencies also “jumps” across the dielectric
insert. Disregarding this path in analysis will not lead to a significant error as all bunch charge
information is contained at much lower frequencies.

It is possible to analyse the WCT as an electric circuit following the model shown in Fig. 3.2.
The beam current iy induces an image current i; of equal magnitude but opposite polarity. In
the WCT, i; splits into three parts:

* the low-frequency component i} flows through the housing with inductance L,y the value
of which depends primarily on the housing geometry and the ferrite permeability;

* the very-high-frequency component iz flows through the RF bypass with capacitance Cgg,
resistance Ry (both set with discrete components), and some parasitic inductance Lyg;

* the intermediate-frequency component iy, flows through the screws with inductance Ly
and resistance Ryy the values of which depend mostly on the RF transformer configuration.

The last component induces a current iy on the RF transformer’s secondary winding with
inductance Ly which results in a voltage wycr developing across the load resistor Rycr. To al-
low high-frequency signal transmission without reflection, the WCT also features back-matching
resistors Rgy; which set the monitor’s output impedance to 50 Q. An acquisition system, schem-
atically represented as a complex load Z;, can then measure the WCT output signal.

Even though devices applying similar ideas were developed in the past [48, 49, 50], they
were intended to measure the transverse beam position at relatively low frequencies. The WCT,
on the other hand, is optimised for precise intensity measurements of short LHC bunches.
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Figure 3.2: Electrical model of the WCT.
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Figure 3.3: Frequency response of a generic bandpass system such as the WCT.

3.2.2 Detailed analysis

A time-varying current iy, flowing through one of the WCT conductive screws induces a magnetic
field Byy in the core surrounding the screw [2, pp. 36.6-36.9]:

1 .
By = Hrlho 51 (3.3)
nr

where u, and u are the permeabilities of the core and vacuum, and r is the core’s mean radius.
This field induces a current iycr in the N-turn secondary winding [2, pp. 36.6-36.91]:
1 27‘CI‘BW _ 1

—i 3.
N o le G4

lwer =

The above generalisation is valid when the current iy, is low enough not to magnetically
saturate the small RF core. The WCT achieves this by using nanocrystalline materials whose
permeability tails off with increasing frequencies leading to extremely high saturation currents.

The WCT measures only the part of the image current which flows through the screws. It is
therefore important to establish the frequency range for which one can assume that i,, ~ i;. The
electric model from Fig. 3.2 can serve to qualitatively analyse the monitor’s low and high cut-off
frequencies. As the WCT measures only the current flowing through its conductive screws, it is
helpful to examine the primary side of the transformer, shown on the left hand side of Fig. 3.2,
as a bandpass filter with its generalised bandwidth shown in Fig. 3.3.
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Due to its capacitance Cgg, the RF bypass does not conduct current at low frequencies and
only the housing with inductance L; presents an alternative current path. The only two possible
paths for the low-frequency image current are the housing and the screws. Following the Fig. 3.2

model, their respective impedances are:

ZLF == 27Tf LLF (3'5)

T = \/R%v +(27f Ly)? (3.6)

Frequency f;’ at which Z;p = Zyy is the WCT primary-side low cut-off frequency:

R
fl= W (3.7)

N 2 2
2my/L2 — L2,

In practice, L;p is significantly higher than Lyy due to the large dimensions of the housing
which, in addition, is filled with high-permeability ferrite, further increasing its inductance.

Hence, f; becomes simply:
Ry

3.8
27'CLLF ( )

fi~

Besides the physical resistance of the screw itself, Ry, also consists of the impedance trans-
formed from the secondary side of the small RF transformer. The latter dominates the value of
Ryy in virtually all cases. As an example, a 10 mm-long copper screw of 4 mm diameter presents
a resistance of only 13 pQ.

It will be shown later that in the LHC WCT Ryt < Rpy +Z;, resulting in Ry as an accurate
approximation of the secondary-side resistance. Assuming that the RF transformers are lossless,
this leads to a simple formula for the primary-side resistance [51, p. 1124]:

R
WCT (3.9)

Ry ~ NE

Combining egs. 3.8 and 3.9 yields the WCT primary-side low cut-off frequency:

fl % (3.10)
Since only the DC component of the bunch current carries the information about its charge
(see section 2.1.5), minimising the WCT low cut-off frequency reduces the measurement error.
As it will be shown later, the WCT signal is approximately proportional to the value of Rycr.
Thus, the required sensitivity of the monitor dictates the minimum Ryr value. The housing
inductance L;y, however, can be controlled over a few orders of magnitude.
Given the WCT geometry with the vacuum chamber and housing being concentric cylinders,
inductance of a theoretical coaxial structure is a good approximation of L;p [52]:

D
Ly~ Hatho 1n(£) Ly (3.11)
2n dip
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where u, is the relative permeability of the material filling the coaxial line, u, is the vacuum
permeability, D;y and d; are the diameters of the outer and inner conductor, respectively, and
[ir is the structure’s length. Although magnetic materials with very high permeabilities exist
(e.g. iron-based nanocrystalline alloys reaching u, > 10°), ferrites are a better choice for the
WCT due to their good microwave radiation absorption up to several gigahertz which reduces
any electromagnetic resonances induced in an otherwise hollow housing.

Also the secondary-side of the electric model from Fig. 3.2 forms a simple high-pass LR filter
with the low cut-off frequency of:

1 R Rpm +Z
1 = wer (Reum +2Z1) (3.12)
21 Lwer Rwer +Rpm + 21,
which for Rycp < Rpy + Z;, reduces to:
R
L” — _WCT (3.13)

The inductance Lyt is @ manifestation of a wire wound around a toroidal core [53]:
Lycr =AN? (3.14)

where A; is the single-turn inductance of a given small magnetic core. This parameter is set
during the core’s manufacturing process and is a function of the core’s material and its geometry.
To assure that the WCT measures all current flowing through the screw, the secondary side
. . " /.
low cut-off frequency must be much lower than that of the primary side f” < f;:
Rwer Rw

< 3.15
anWCT 27TLLF ( )

A simple condition arises from egs. 3.9 and 3.14:
AL> Lip (3.16)

As for some housing geometries this condition might be difficult to satisfy with the magnetic
cores available on the market, let’s consider a WCT with f;" and f;” being of the same order of
magnitude. The s-domain low-frequency transfer functions H'(s) and H”(s) of the primary and
secondary sides, respectively, are simply those of a first-order high-pass filter [54]:

s
2nf] +s

N

Sy I— 3.17
2nf +s (3.17)

H/(S) =14/ H//(S) =14//
With the primary side output being the secondary side input, multiplication of the two indi-

vidual transfer functions results in the transfer function H(s) of the whole system:

S S

H(s)=H/(s)H"(s) =A'A"
(5) () H7(s) 2nf/ +s2nf’ +s

(3.18)

The cut-off frequency f; at which the system transmits half of the incident power can be
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found by solving a simple equation H(27f;) = 0.5:

fu=5 (5L + 5+ G TP+ (3.19)

Omitting the term 4f;'f;” significantly simplifies the formula but leads to a maximum error of
21% when f; = f;”. As permeabilities of magnetic materials, which are necessary for calculating
both cut-off frequencies, are typically specified with an uncertainty of around 20 % it seems
acceptable to use a simplified formula:

fir i+ (3.20)

With eq. 3.10, 3.13, and 3.14, the WCT’s low cut-off frequency becomes:

R 1 1
fn L (— + —) (3.21)
2nN2 \ Ly | A,

Determining the WCT’s high cut-off frequency f}; is more complicated but possible with a few
assumptions. On the primary side of the Fig. 3.2 circuit, one can ignore the housing which due
to its large inductance constitutes an open circuit at high frequencies. Thus, f is the frequency
at which the RF bypass impedance is equal to that of the screw:

2
\jRiF + (275 FuLpp — ﬁ) = /R, + (27 fyuLw)? (3.22)
RF

Even though it is possible to directly solve the above equation for fy, the resulting formula
is complicated and impractical. Taking into account the expected values of each component
leads to a simpler approximate expression. The following paragraphs will prove that Ryy is in
the order of tens of milliohms which makes it insignificant compared to the screw’s reactance
at high frequencies. On the other hand, one can deliberately choose Cgy high enough to only
be relevant at low frequencies where it is important to force as much of the image current as
possible to flow through the screws. For relatively small values of the parasitic inductance Lyg,
the WCT high cut-off frequency is then:

Rpp
fum

h 214/ L2 — L2,

Minimising Lgy is critical and one must reduce the stray inductance of electrical contacts

(3.23)

between the RF bypass and the rest of the monitor. Gaskets guaranteeing several points of
large-area contact are commercially available and recommended for this purpose.
For frequencies higher than f; and lower than fy; virtually all image current flows through
the WCT screws yielding:
ly A0 (3.24)

Applying the above to eq. 3.4 gives an elegant formula for the current induced on the sec-
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ondary side of the RF transformer within the monitor’s bandwidth:

. 1.
lwer = Nll (3.25)

This current can be conveniently measured using the subsequent resistor network. The out-
put voltage wycr With a purely resistive load impedance (a typical assumption for analysing RF
measurement systems) is:

RwerZy, .
v = i 3.26
WCT Rucr + Rom + Z1 WCT ( )

If the resistor values are such that Ryt +Rpy = Z;, making the source and load impedances
equal, the above equation simplifies to:

Ywer = ERWCTiWCT (3.27)

Combining this result with eq. 3.25 gives the WCT output voltage:

RWCT . .
Ywer = WII = ZWCTlI (3.28)

It is apparent that vy is proportional to the beam image current. The proportionality factor
Zwer is traditionally referred to as the transfer impedance and is helpful for comparing the WCT
sensitivity with those of other bunch intensity monitors.

3.2.3 Using multiple RF transformers

The analysis has so far focused only on a theoretical WCT featuring a single RF transformer.
Building such a monitor in real life might lead to several issues, e.g. an unwanted sensitivity to
the transverse beam position, due to the inherent azimuthal asymmetry. A WCT with multiple
RF transformers uniformly distributed around the vacuum chamber should be preferred instead.
For the LHC monitor, eight cores provide a good compromise between the single-transformer azi-
muthal coverage of 45° and minimising the electric network required to combine the individual
signals. Moreover, outputs of two adjacent cores can be summed up already on the internal
WCT PCBs reducing the number of intermediate monitor’s outputs to four.

Generally, either active or passive components can combine the four intermediate signals
into a single WCT output. The former approach can increase the signal levels at the cost of
introducing additional noise while the latter leads to some signal loss but relies on fewer com-
ponents. The following three paragraphs quantitatively compare both methods and justify the
choice made for the LHC WCT.

A 50 Q resistor, traditionally used as the characteristic impedance in high-frequency circuits,
generates thermal noise with spectral density of 1 nV/+/Hz at room temperature [51, p. 475]. In
a 50 Q-matched network, each resistive combiner input contributes noise equivalent to that of a
50 Q resistor. As such noise is uncorrelated for the combiner’s individual branches, the resulting
spectral noise density increases by the square root of the number of the input signals. A passive
four-way 50 Q combiner needed for the LHC WCT contributes 2 nV/+/Hz of noise.
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Figure 3.4: Model for analysing the WCT output error due to component tolerances.

On the other hand, a high-bandwidth current-feedback operational amplifier, e.g. Texas
Instruments THS3201 [55], working in a non-inverting configuration exhibits a total input-
referred noise spectral density of around 5nV/+/Hz [51, p. 520]. Since this noise is uncorrelated
for the four input stages needed to combine the LHC WCT intermediate outputs, an active signal
combiner would introduce noise with spectral density in the order of 10nV/+/Hz.

The noise added by a passive combiner is about five times lower than that of an active circuit.
However, due to the signal loss exhibited by the former, it is more accurate to compare Signal-
to-Noise Ratios (SNRs). The output of an N-way resistive combiner is in practice the average
of its inputs, i.e. each input is attenuated by a factor of N. A 4-way resistive combiner needed
for the LHC WCT reduces the signal fourfold. Since the noise introduced by such a combiner is
lower by roughly the same factor, both approaches result in similar SNR. With no obvious noise
benefit either way, the LHC WCT uses passive combiners due to their simplicity.

The combiner’s noise constrains the required WCT sensitivity. In a 550 MHz bandwidth of a
typical LHC bunch a passive combiner introduces a noise of 47 nV. After digital 25 ns integration
with an ADC sampling at 650 MHz and averaging for 1s (i.e. over 11 thousand measurements)
the effective noise becomes 111 nV. Since a 25ns integral of a typical LHC bunch equals to
approximately 3 % of the peak signal, to introduce an error of less than 0.01 % to the integrated
signal of a pilot bunch with 1.28 A peak current, the WCT’s transimpedance must at least:

Zye >1110V-3%1-0.01% - 1.28 A7 =29 mQ (3.29)

Beside noise, signal combiners can also be an error source due to components’ inaccuracies.
Figure 3.4 shows a simplified model of two WCT intermediate outputs combined using a 2-way
resistive combiner used to study this effect. The first resistors in series with the inputs A and
B represent the monitor’s source impedance, followed by a classical delta combiner, with the
last resistor being the load impedance over which the output signal is measured. Besides the
load, each resistor was assigned a tolerance §%. Simulations of ten thousand circuits, with the
component values chosen at random within the allowed tolerance were then simulated, revealed
that the output error was lower by a factor of around 3.3 than the tolerance 6% assigned to the
individual resistors. Since electronic component tolerances are typically specified as a power of
ten, one can draw a simple rule of thumb: the WCT and combiner network resistor tolerance
should be an order of magnitude lower than the required output signal accuracy.

Calculations of the effective values of some WCT components also must consider the number
of RF transformers. Specifically, Ryt (thus Ry), Lycr (thus Ap), and Ly act as K components
installed in parallel, where K is the number of RF transformers. One can obtain their effective
values by scaling the values of components serving a single transformer by a factor of 1%
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3.2.4 Calibration input

Besides the multi-turn winding coupling to the beam-induced image current, the small RF cores
can feature an additional winding for calibrating the monitor using an external signal. To mimic
the WCT response to a particle beam, such a calibration winding should ideally consist of a single
turn. Nevertheless, the parasitic capacitance between both windings is non-negligible and the
calibration winding is most reliable at relatively low frequencies.

Calibration of bunch intensity monitors requires using a precisely known charge, voltage or
current. As generating an accurate charge is challenging and voltage signals are prone to trans-
mission losses, the WCT relies on current-based calibration. Due to the monitor’s insensitivity
to DC signals, the calibration current must be pulsed, with the pulse being long enough to safely
disregard the extra intra-winding parasitic capacitance described in the previous paragraph. In
practice, one can derive a reasonable duration of the calibration pulse from the WCT low cut-off

frequency f; defined in eq. 3.21:
1

TopL = ——
CALT o f

Attaining a precisely calibrated monitor certainly requires correcting the apparent signal

(3.30)

decay caused by the lack of DC response. This is simple to achieve with modern electronics
using digitisers and by fitting the measured signal to exponential decay.

The monitor’s single calibration input branches off into several windings with one installed
on each RF core. The only way for the calibration signal to reach the circuit ground (i.e. to
close the loop) is through one of the windings. In such configuration, the sum of currents in the
individual calibration windings is equal to current injected into the WCT calibration input.

Since WCT calibration relies on only slow current pulses, the input resistance can be relat-
ively low to minimise the power dissipated in the monitor. Practically, to equalise the currents
sent to each core this resistance should be distributed among the individual windings. Unlike
for the beam-sensing winding side, the values of the resistors used on the calibration side do
not have to be neither precisely known nor the same for all resistors. Regardless of the resistor
values, the total calibration current spreads among all the WCT cores. Any asymmetries in the
calibration windings can be thought of as signals induced by an off-centred beam which the
WCT can precisely measure by design.

Finally, lossy ferrite beads installed in series to the calibration winding can protect the pulsed
current source from the high-amplitude signals that a passing beam would induce on the wind-
ing. At low frequencies (present in the calibration signals) such beads add only very little extra
resistance, whereas at high frequencies (induced by the beam) correctly chosen beads can in-
crease the winding impedance by several orders of magnitude effectively blocking all signal from
being transmitted towards the electronics.

3.2.5 LHC WCT

With the values of almost all components presented in Fig 3.2 being virtually independent of the
WCT mechanical design, it is possible to first consider the monitor as a pure electronic circuit
and optimise its performance by applying classical circuit analysis techniques.
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The number of screws, and consequently the RF transformers, used to construct the LHC
WCT was one of the very first decisions taken during the design stage of the new monitor. Eight
screws seemed to provide a good azimuthal coverage of the WCT vacuum chamber. An external
circumference of 264 mm led to a distance between two adjacent screws in the order of 35 mm.
Moreover, 8 being a power of 2 enabled a straightforward design of a signal combining network
for the outputs of the individual transformers. With its direct impact on the measurement error
as per eq. 3.1, optimisation of the monitor’s low cut-off frequency was the next design step.

The mechanical design of the LHC WCT will be discussed in detail in the next section,
however, the envelope dimensions bound by the existing LHC infrastructure (described in sec-
tion 3.1) impacted the achievable low cut-off frequency. Specifically, a full control over the
housing inductance L;p, defined in eq. 3.11, was not possible by varying dimensions of the
ferrite core since the values of D, dif, and [;r can change only over a small range. On the
other hand, a magnetic material with a high relative permeability can lead to a large L;z. For
the LHC WCT, the choice fell on Ceramic Magnetics CMD5005 nickel-zinc ferrite cores with
U, = 2100 up to 600 kHz [56]. Besides the high u,, this material also features a volume resistiv-
ity p = 1 x 108 2m making it great at absorbing resonance which could be otherwise excited at
high frequencies when u, = 1 and the housing becomes hollow for the electromagnetic field.

Given the bound housing dimensions, the largest ferrite core fitting into the LHC WCT is a
60 mm long toroid with inner and outer diameters of 117.2mm and 176.8 mm. To make the
monitor’s assembly easier, the LHC WCT uses two cores of square 30 mm x 30 mm sections.

One can use eq. 3.11 to calculate the housing inductance L;y. The aforementioned paramet-
ers of u = 2100, Dip = 176.8mm, d;r = 117.2mm, and [;z = 60mm give L;z = 10.36 pH. As
the equation only coarsely approximates the WCT geometry as a coaxial structure, the author
decided to nevertheless scrutinize the calculated value of L;y with electromagnetic simulations.

Figure 3.5 shows the model used for simulating the housing inductance of a WCT filled with
a ferrite material. The grey shell models the WCT housing and is made of a perfect electrical
conductor. The orange and green rings are the ferrite cores. Both have identical parameters
but are depicted in different colours for clarity. Eight blue arrows mark the position of discrete
resistors replacing the conductive screws. To minimise the required simulation time, resistor
values were set to 802, much higher than the real value of Ry. As all eight resistors are in
parallel to each other, the effective simulated resistance is therefore Ry, = 10 Q.

Figure 3.5: Electromagnetic model used for simulating ferrite-loaded housing inductance.
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Figure 3.6: Current flowing through the Ry, (representing the conductive screws) decaying
exponentially due to the housing inductance.

Since the housing inductance is in parallel to the resistance Ry, together they form a
simple first-order low-pass filter. The current flowing through each of the eight resistors decays
exponentially with a time constant given by [29, p. 112]:

L
TLF,sim = R = (331)
W,sim

To measure Tygqn,, along step-like current pulse was sent along the model’s longitudinal axis.
Figure 3.6 demonstrates the current flowing through Ry, together with a fitted exponential
function using Typ, = 1006ns. The simulated response and the fitted function are identical
and the obtained value of Ty, can be used to calculate the housing inductance L;g:

LLF = TLF,sim RVV,sim =10.06 llH (3.32)

Remarkably, the values of L;; obtained analytically and through electromagnetic simulations
are within 3 % of each other. As the uncertainty on the ferrite permeability is in the order of
10 %, the housing inductance can be rounded to L;; = 10 nH.

For the internal LHC WCT RF transformers, there were only a few magnetic cores with an
appropriate size and high A; available on the market. Finally, the choice fell on Vacuumschmelze
T60006-L2009-W914 made of nanocrystaline iron-based VITROPERM 500 F material with a
single-turn inductance of 25.5 pH at 10kHz [57]. Eight transformers installed in parallel yield
an effective A;, = 3.21H. The cores, including their protective plastic casing, are supplied with
the nominal dimensions of 5.1 mm (inner diameter) by 11.2mm (outer diameter) by 5.8 mm
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(height). For the LHC WCT the author manually stripped each core of its casing to increase
the available space for the current-carrying screws and to reduce the wire length required to
make the necessary number of turns. The final obtained core dimensions were 6.5 mm (inner
diameter) by 9.9 mm (outer diameter) by 4.8 mm (height).

Since the suppliers specify the ferrite permeability u, and single-turn inductance A; with an
uncertainty of 10 % to 20 %, it seemed justified to assume an additional engineering margin of
30 % on the maximum allowed low cut-off frequency defined in eq. 3.1, decreasing the target
value to 450 Hz. To achieve this, eq. 3.21 dictates that R]‘(,V? < 6.84mQ. As such a small value of
resistance might be difficult to implement, a large number of turns wound on the secondary side

of the RF transformers N is desired. However, with the small core size installing more than 10
turns becomes impractical. Moreover, winding the wire tightly could lead to an increase in the
undesired intra-turn parasitic capacitance limiting the WCT performance at high frequencies.
Choosing the maximum practical value of N = 10 results in Rycr < 684mS2. As there are 8
parallel transformers , the resistance loading each of them cannot exceed 5.4 Q. To satisfy this
condition, the LHC WCT uses two parallel 10 {2 resistors installed on the secondary side of each
RF transformer setting the values of Ry = 625mQ and f; = 410Hz.

Both N and Ryt used in eq. 3.28 define the WCT output signal level. One must verify if
the chosen values allow the sensor to achieve the desired sensitivity. The same equation gives
a transimpedance Zycr = 31.25 mf) meaning that before any signal conditioning the LHC WCT
outputs 31.25mV for each 1A of bunch current it sees flowing through the conductive screws.
With the typical LHC bunch parameters reported in Tab. 2.1, the sensor’s output would peak at
40 mV for a low-intensity pilot bunch and at 960 mV for a high-intensity nominal bunch. Such
signal levels are perfectly appropriate for typical front-end signal conditioning electronics, thus
the values of N and Ryt require no further adjustment.

To produce one common output, the signals picked up by the eight RF transformers must be
summed up. As explained in section 3.2.3, this is done with a ladder of passive signal combiners.
Firstly, the voltages of two adjacent transformers are averaged. A 95 back-matching resistor
follows the 5 Q2 resistors loading the secondary winding of each transformer resulting in a source
impedance of 100 2. Short 100 2 transmission lines merge pairs of transformer outputs into four
intermediate WCT output connectors which act as 50 Q2 sources. Three external resistive signal
combiners subsequently average these four signals producing a single common WCT output. To
minimise any undesired transverse beam position sensitivity, the resistors used on the internal
WCT PCBs were specified with a tolerance of 0.01 %.

Next to the signal winding, each RF transformer features an additional single-turn winding
for calibrating the sensor. As explained in section 3.2.4, the WCT relies on calibration with long
current pulses. The resistance loading the calibration winding cannot be excessive to minim-
ise the dissipated power and to avoid any voltage-compliance issues in the calibration current
source. The LHC WCT has a 10 Q2 calibration input resistance to allow a 1 A current pulse without
generating voltage of more than 10V. This value has little influence on bunch current measure-
ments and it can be freely optimised to match the output characteristics of any current source.
Since the resistance is distributed among the eight RF transformers, each calibration winding
connects to 33 2 and 47 2 series resistors to result in a total resistance of 10 Q.
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Figure 3.7: Schematic of the internal LHC WCT PCBs. The two calibration inputs are fed
through a 0 Q splitter. The four outputs are summed with a ladder of 50 2 combiners.
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Ferrite beads on the calibration-winding side increase the high-frequency impedance to avoid
inducing any signals in the winding by the image current flowing through the conductive screws.
The LHC WCT features two kinds of beads: Taiyo Yuden FBMH1608HM601-T and Murata
BLM21AG102SN1D with 600 and 1k resistance at 100 MHz, respectively. The beads’ DC
resistance is in the order of 0.25 Q making them suitable for use with high current pulses.

Figure. 3.7 shows the resulting LHC WCT PCB schematics, with a detailed design and PCB
layouts documented in [58]. The schematic does not depict the conductive screws constituting
primary windings for bunch current measurements. Figures 3.8 and 3.9 present photographs of
assembled PCBs and some details of RF transformers.

Figure 3.8: RF transformers installed on the internal WCT PCBs. For reference, the silver screw
head seen between the cores is 5.5 mm across.

Figure 3.9: Internal WCT PCBs with four RF transformers each.
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Figure 3.10: Two RF bypasses made of flexible PCBs.

To control its high-frequency behaviour, the LHC WCT uses an RF bypass consisting of series
capacitors and resistors which is installed in parallel to the conductive screws. Two flexible PCBs,
each covering approximately half of the vacuum chamber circumference, contain 60 parallel
100 Q resistors installed in series with 60 parallel 1nF capacitors as shown if Fig. 3.10. The
effective values of the RF bypass components are therefore Ry = 1.67 Q and Cgp = 60 nF.

The capacitance Cgp blocks any current flowing through the RF bypass at low frequencies
forcing it to pass through the conductive screws instead. Its value is high enough for Ryg, form-
ing a low-pass filter with the primary-side inductance Lyy, to dominate the bypass impedance
above 2MHz. At high frequencies the relative permeability of the magnetic material making
the small RF transformers decreases to unity. In such conditions, the screw’s geometry solely
determines the inductance L. Self-inductance of the exposed 8 mm part of each M4 screw,
assuming a smooth solid cylinder, is approximately 2nH [59]. Eight parallel screws result in
Ly = 250pH. On the other hand, it is nearly impossible to accurately estimate the RF bypass
parasitic inductance Lgp. For the LHC WCT, flexible gaskets with 36 large area contact points
on either side of the bypass reduce Lyr. Assuming a very conservative 1 nH inductance per point
of contact, one can estimate Lyp < 50 pH.

With known values of Rgpg, Ly, and Lgg, it becomes possible to calculate the high cut-off
frequency of LHC WCT from eq. 3.23 as f;, = 1.1 GHz which is almost 20 times higher than
the limit defined in eq. 3.2. This leaves a very comfortable margin to adjust the final signal
bandwidth with external low-pass filters.

Table 3.1 summarises all electrical parameters of the LHC WCT. These values, together with
the electrical model presented earlier in Fig. 3.2, can be used to conveniently study the WCT
performance across a wide frequency range in any analogue circuit simulator such as SPICE.
The methodology described in this section can also be applied to optimise the WCT to measure
bunches of much different parameters than those present in the LHC.
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Table 3.1: Electrical parameters of the designed LHC WCT. The effective values of A;, Rycr,
and Ly are calculated as the discrete components’ values scaled by the number of parallel RF
transformers. The effective values of Rpp and Cyy are calculated as the discrete components’
values scaled by the number of parallel RF bypass components.

Parameter Symbol  Equation Value
Number of RF transformers K - 8
Number of secondary winding turns N - 10
Single-turn inductance of RF transformers AL % -25.5pH 3.2pH
Secondary-side resistance Rwer % 50 625 mQ
Secondary-side inductance Lwer eq. 3.14 320 pH
Primary-side inductance (low frequency) Lw Ap 3.21uH
Screw inductance (high frequency) Lw 1l< -2nH 250 pH
Primary-side resistance Ry eq. 3.9 6.25mQ
RF bypass resistance Rgr % -10092 1.67Q
RF bypass capacitance Crr 60-1nF 60 nF
RF bypass inductance Lpr - < 50pH
Housing inductance Lip simulated 10 pH
Low cut-off frequency fi eq. 3.21 410Hz
High cut-off frequency fu eq. 3.23 1.1GHz
Transimpedance Zwer eq. 3.28 31.25m

3.3 Mechanical design

There were two major constrains on the mechanical design of the LHC WCT. Firstly, the sensor
had to be compatible with the existing vacuum chamber and dielectric insert at the location
where the FBCTs had been originally installed. Secondly, the first WCT could be installed only if
it did not require any section of the vacuum chamber to be even temporarily removed. Opening
the LHC vacuum chambers requires lengthy pump-down and bake-out procedures which the
LHC schedule could not be accommodate at the foreseen WCT installation window.

To meet the second objective, all cylindrical WCT parts which surround the vacuum chamber
are cut in half along their longitudinal axis allowing the sensor to be assembled around the
chamber. Such a design also presents another interesting advantage when the vacuum chambers
are heated up to around 300 °C during the so-called bake-out procedure which improves the
vacuum quality. Sensors such as the FBCT had to feature a complicated water-cooling circuit
to protect the monitor from any heat-induced damage. The WCT, on the other hand, can be
removed from the vacuum chamber and safely stored for the bake-out duration.

Detailed technical drawings of the LHC WCT mechanical assembly and all its parts are doc-
umented in [60]. Figure. 3.11 shows a 3D model of an assembled WCT. The sensors consists of
the following parts, as indicated in the exploded view in Fig. 3.12:

* Eight conductive copper screws constituting a primary winding of the RF transformers.
* Two aluminium front brackets providing mechanical support to the other parts.

* Two copper front plates on which the internal PCBs are mounted.
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* Four ferrite half-rings forming two full cores.

* Aluminium housing, split in two halves, creating a path for the low-frequency components
of the image current.

* Two copper back plates with tapped holes to fix the eight conductive screws.

* Two aluminium back brackets providing mechanical support to the other parts.

All parts which carry the beam-induced image current within the WCT measurement band-
width are made of oxygen-free copper which was additionally plated with a few micrometres
of gold to prevent formation of a high-resistivity oxide layer. The components which are less
critical for the sensor’s electrical performance are made of standard-grade aluminium to reduce
their weight and the cost of manufacturing.

Five Bal Seal BG15 M5 beryllium copper spring gaskets guarantee a good electrical con-
tact between the vacuum chamber and the front and back plates. The gaskets, with a nominal
thickness of 2 mm, compress during the monitor’s assembly to tightly fill the 0.5 mm radial gap
between the vacuum chamber the the WCT parts.

Besides the eight conductive screws, the other mechanical fasteners used to fix the WCT
components to each other are standard off-the-shelf steel bolts and screws.

The ferrite cores diameters leave a 1.1 mm radial gap to the back plate and the housing. The
bottom half of the housing and the top half the back plate feature two longitudinal pins which
elevate the ferrite cores to be concentric with the vacuum chamber. Four springs attached to the
top part of the housing fix the cores’ position.

With all its cylindrical components cut in half, the WCT can be assembled around the LHC
vacuum chamber in the following sequence with some crucial steps pictured in Fig. 3.13:

1. RF bypass made of flexible PCBs and five beryllium copper gaskets are fixed to the vacuum
chamber on both sides of the dielectric insert (Fig. 3.13a).

Back plates and housing are installed downstream from the dielectric insert (Fig. 3.13b).
Space between the housing and the back plate is filled with the ferrite cores (Fig. 3.13c).
Front plates with the internal PCBs are mounted on the housing (Fig. 3.13d).
Conductive screws are inserted through the RF cores to connect the front and back plates.

Front and back plates are secured with the aluminium brackets.

N o gk WD

External output signal combiners and calibration input splitters are installed (Fig. 3.13e).

With their low profile and widespread use in carrying electrical signals in the considered
frequency range, standard panel-mount SMA connectors serve as an interface to the internal
WCT PCBs. The connectors are also rated for carrying millisecond-long currents pulses with
amplitudes in the order of a few amperes which are foreseen for calibrating the WCT.

Figure 3.14 presents technical drawings of the WCT cross-section as installed on the LHC
vacuum chamber. Although the sensor can be installed in either orientation around the dielec-
tric insert, the small RF transformers are wound such that a positively charged particle beam
travelling from the front to the back plate results in a positive voltage at the monitor’s output.
Each WCT installed in the LHC features the transformers on its upstream side.
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Figure 3.12: Exploded view of the WCT indicating its various subcomponents.
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-

(e) Fully assembled WCT.

Figure 3.13: WCT assembly sequence on the LHC beam line.

50



Chapter 3. Wall Current Transformer for the LHC

110ddng - g f1ounIojsuen gy - 9/ :MaIds 13ddo) - q/ ‘gDd - e/ ‘siowiojsuen) 4 YIm god - /

{59100 2119 - 9 ‘Sursnoy wnmurunyy - § ‘e[d-1uory 1oddon - 4 {s39¥ORIQ WNIUIWN]Y - € $JIISUI JIWRID) - ¢ ‘Iaqureyd wnnoea DHT - T "(4-9)
Iourojsuen Yy ue jo aueld a3 18 pue (y-Vy) aue[d [ed1I9A 913 1B J9qUIBYD WNNdeA DHT oYl U0 PI[[BISUI [DAM Y] JO UOMIAS-5s01D) :H1°E 2In31d

d-d V-V
® ® @ © >V
S S I SSSSSS| |
_
\ % © ©
| i [e) (@)
@/H% R
D @ S “ =) @v
_M _
~ _

&
- [=)
J"
(@)
~
@ ~
©

51



Chapter 3. Wall Current Transformer for the LHC

3.4 Front-end electronics

Dedicated front-end electronics adapt the amplitude and length of the pulses at the output of the
LHC WCT to optimally fit the input requirements of various signal acquisition electronics. With
a pilot bunch being over 20 times less intense than a nominal bunch, the electronics features
two independent sensitivity ranges for each of the installed monitors.

To avoid controlling the channel’s sensitivity with switching circuits, the WCT’s output feeds
into two channels of different gains that drive two independent acquisition systems. Even though
such a solution leads to some cost increase due to duplication of many components, it signi-
ficantly reduces the operational complexity as it does not require any active gain switching.
Software selects the most appropriate one of the two acquired signals.

Due to the presence of ionising radiation in the LHC tunnel, complex electronic circuits are,
whenever possible, installed in radiation-shielded service galleries located some 10 m away from
the beam line. Thus, relatively long coaxial cables connect the WCT to its acquisition systems.

As such cables can pick up interference polluting the beam-generated signal, amplifying the
WCT output, as close to the sensor as possible, is crucial. A circuit designed for this purpose is the
head amplifier which also divides the signal between two sensitivity ranges referred to as “low
gain” (to measure high-intensity beams), and “high gain” (to measure low-intensity beams).

At the far end of the cable, the signals need to reach several different acquisition and monit-
oring systems. To minimise the number of long coaxial cables pulled between the head amplifier
and the service gallery, another active electronic circuit, referred to as the distribution amplifier,
produces multiple copies of each signal. Due to different input dynamic ranges of the various
acquisition systems, discrete attenuators adapt the signal amplitude to its final value.

The WCT high cut-off frequency is in the order of 1 GHz, almost 20 times above the minimum
value required to contain 99.99 % of the signal integral within a 25ns window (see eq. 3.2).
Low-pass filters can stretch the signal to improve the usage of the available time window. Both
the head and distribution amplifiers filter their input signals but also additional external circuits
adapt the signal length for each acquisition system.

With a relatively long distance between the LHC tunnel and service galleries, the electrical
grounds at each location can inevitably be at slightly different potentials. Additionally, the long
cables’ grounding shield can create large-area loops with other grounded elements (such as
racks, power cables etc.). Background magnetic field, commonly present in accelerator tunnels
due to high-field magnets, can induce interference currents leading to generation of additional
unwanted signals. One of the most effective ways of “splitting” such loops are common-mode
chokes which pass only differential currents sent onto coaxial cables by the WCT and its front-
end electronics while blocking any common-mode currents induced on the ground loops.

The WCT front-end electronics operate in an air-conditioned environment therefore they
will not experience significant variations of neither temperature nor humidity over time-scales
relevant for measurements. The WCT calibration input allows the entire electronics chain to be
calibrated on-demand to minimise any errors caused by long-term drifts.

The following sections describe the WCT front-end electronics components — designed, built,
and characterised by the author — and provide their most important performance characteristics.
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3.4.1 Non-reflective low-pass filters

Rather than reflecting signals above the cut-off frequency back to the source, non-reflective low-
pass filters internally dissipate the filtered power. Such a behaviour presents a major advantage
for the WCT as no power returns to the sensor installed on the beam pipe where it could disturb
the subsequent measurements or even interfere with the passing particle beam.

Non-reflective filters are also often referred to as constant-impedance filters since they look
to the signal source like a wideband matched-impedance load. A figure of merit for such filters is
their reflection coefficient or any other quantity which can be directly derived for it, e.g. Standing
Wave Ratio (SWR) or input reflection scattering parameter S11.

The non-reflective low-pass filters developed for the WCT are based on a circuit known
from literature [61] adapted to linearise its phase response for smoother time-domain signal
stretching effect. Figure 3.15 shows the circuit topology. For a given high cut-off frequency fy,

J L NI
— =500 fu=0.04\ — (3.33)
4C LC

Doubling the capacitors leads to a convenient numerical relation of L = 10*- C which in-

the component values are:

creases the probability of the required component values being available. Despite of the number
of reactive components, the filter is of third order with a 60 dB per decade roll-off.

The LHC WCT required developing filters with five different cut-off frequencies, ranging from
80 MHz to 400 MHz. Figure 3.16 shows frequency-domain measurements of their transmission
(S21) and reflection coefficient (S11). For reference, the same figure also includes reflection
coefficient measurements of a commercially available 50 Q RF load.

Reflection coefficient of all developed filters remains below —30 dB up to 1 GHz implying that
only less than 0.1 % of the input power returns to the source regardless of the signal frequency.
Such performance was completely satisfactory as typically filters are referred to as non-reflective
once their out-of-band reflection coefficient does not exceed —20 dB.
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Figure 3.15: Generalised schematic of the developed non-reflective low-pass filters.
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Figure 3.16: Scattering parameters of the different non-reflective low-pass filters developed for
the WCT. For comparison, reflection coefficient of a commercial RF 50 €2 load is also plotted.
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3.4.2 Head amplifier

Figure 3.17 shows a simplified circuit diagram of the developed head amplifier, while the detailed
schematics and PCB layout are documented on CERN’s Engineering Data Management Service
[62]. A 400 MHz non-reflective low-pass filter, of the same topology as outlined in the preceding
section, stretches the input signal. After the first common 12 dB gain stage, the signal splits
between the “high gain” and “low gain” channels, the former boosting the signal by additional
20 dB. The last stage of each channel compensates the 6 dB voltage drop which would otherwise
occur due to 50 2 back-matching of each output. To block propagation of any DC offset, series
10 pF capacitors connect all stages. The circuit uses Texas Instruments THS 3201 which at the
time of the LHC WCT development was the fastest low-distortion wideband current-feedback
operational amplifier with 1.8 GHz unity-gain bandwidth, and 5nV/+/Hz total input-referred
noise spectral density for a non-inverting configuration [55].

Figure 3.19 demonstrates frequency domain measurements taken prior to the installation of
the first head amplifier in the LHC tunnel. S21 curves show the transmission through each of the
channels while S11 is the input reflection coefficient. The high cut-off frequencies of the “low”
and “high gain” channels are 300 MHz and 200 MHz, respectively. The difference originates in
a much higher gain of the latter which limits the operational amplifier’s bandwidth.

400 MHz 12dB 12 dB 8 dB

INO— \ —!>—1|——{>—0—!>—o HG OUT

0dB

I O LG OUT

Figure 3.17: Diagram of the LHC WCT head amplifier.

. @ LHC BCTW
Head ampilifier

Figure 3.18: An assembled head amplifier PCB installed in an enclosure.
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Figure 3.19: Scattering parameters of the head amplifier.

The amplifier’s input is well matched to the 50 €2 characteristic impedance for high-frequency
applications. Figure 3.19 confirms that the reflection coefficient S11 remains below —20 dB up
to 1 GHz meaning that less than 1% of incident power is reflected back to the source.

The output RMS noise in the “low” and “high gain” channels is 3.5 mV and 28 mV, respect-
ively. With the transimpedance calculated in section 3.2.5, it is possible to simulate the head
amplifier’s output levels to typical LHC bunches. A pilot bunch of 5x 10° particles results in 0.6 V
peak voltage on the “high gain” output, while a nominal bunch of 1.2 x 10! particles results in
1.4V peak voltage on the “low gain” channel. For those typical bunches, the respective SNR is
26dB and 52 dB.

3.4.3 Distribution amplifier

As for the head amplifier, full documentation of the distribution amplifier, including detailed
schematics and PCB layout is available on CERN’s Engineering Data Management Service [63].
Figure 3.20 shows a simplified diagram of the developed circuit. There is a 400 MHz non-
reflective low-pass filter stretching the amplifier’s input signal and a common 6 dB gain stage
after which the signal splits into four branches to provide independent outputs for up to four
acquisition systems.

During the distribution amplifier development phase the signal levels and bandwidth re-
quired by each of the acquisition systems were unknown. The circuit design enables its adjust-
ment to boost the signal by at least an order of magnitude, if needed. Two gain stages precede
each of the outputs, the second one of which compensates a 6 dB signal drop due to 50 2 back-
matching. Once the acquisition systems’ requirement were specified, it became clear that a
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Figure 3.21: An assembled distribution amplifier PCB installed in an enclosure.

6 dB gain in the middle stage is sufficient for all foreseen users. Even though the last two gain
stages for each output could be combined, the effort needed to redesign the circuit and produce
new PCBs did not justify the potential benefits. Since the head amplifier dominates the total
noise performance of the WCT front-end electronics, reducing the number of gain stages in the
distribution amplifier would not significantly improve the system’s SNR.

Figure 3.22 shows the distribution amplifier’s frequency domain measurements in which S21
is the transmission through the amplifier while S11 is the input reflection coefficient. The circuit
reaches a high cut-off frequency of 250 MHz and its input is well-matched up to 1 GHz with S11
remaining below —20 dB.
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Figure 3.22: Scattering parameters of the distribution amplifier.
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Figure 3.23: Low-cut frequency extension circuit.

An interesting feature implemented on selected outputs of the WCT distribution amplifier
is a circuit extending the low-frequency performance of the monitor. Figure 3.23 shows the
modification applied to the last gain stage, which is normally in a classical two-resistor non-
inverting configuration.

The gain of such an amplifier is frequency-dependant:

2
RellR2+ (577c
F (27rfC) (3.34)

Rg

G=1+

For Ry = R and R > Ry the above equation simplifies at high frequencies, where the
capacitor’s impedance is close to O:

R
Guprl+t——n2 (3.35)
Rc+Rg
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Figure 3.24: Compensation network improving the WCT low cut-off frequency.

Compensating the 3 dB signal drop at a low cut-off frequency f is possible by setting R and
C such, that G = 24+(3dB) = 2.83 at f;. Without any compensation, the low cut-off frequency of
the WCT with its front-end electronics was measured at 780 Hz. The chosen compensation com-
ponents values were Rc = 11kQ and C = 133 nF, maintaining the manufacturer’s recommended
Ry =R = 82012 for the high frequency operation.

Figure 3.24 demonstrates the performance of the low-frequency compensation circuit. The
blue curve shows frequency-domain measurements of the WCT and its front-end electronics in
a channel with no additional modifications. The achieved low-cut off frequency is 780 Hz. The
red curve, measured in a channel with the last stage of the distribution amplifier modified as in
Fig. 3.23, decreases the low cut-off frequency to 140 Hz. The low-frequency boosting effect is
apparent from the green curve taken with just the distribution amplifier’s modified channel.

3.4.4 Common-mode suppression

The most prominent sources of electromagnetic interference in the proximity of the LHC WCT
radiate power at frequencies below 1kHz predominantly at multiples of the 50 Hz mains fre-
quency. Interference signals picked up by long coaxial cables are typically of common-mode
nature, i.e. the induced currents flow in the same direction in both the central conductor and in
the outer shield. A convenient scheme to significantly suppress common-mode currents, espe-
cially at low and moderate frequencies, is winding the coaxial cable around a high-permeability
magnetic core to form a common-mode choke [29, pp. 584-585].

Although soft ferrite cores are a typical candidate to build common-mode chokes, other mag-
netic materials can also be considered especially if the electromagnetic interference occurs pre-
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Figure 3.25: Common-mode suppression efficiency of the ferrite-based and nanocrystalline-
based common-mode chokes.
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Figure 3.26: Sixteen electrically-insulated common-mode chokes installed in a common enclos-
ure to serve two WCTs.

dominantly at low frequencies. The LHC WCT common-mode chokes feature Vacuumschmelze
T60006-1.2063-W517 cores made of a nanocrystalline iron-based VITROPERM 500 F material
with a nominal single-turn inductance of 59 pH at 10 kHz [64]. A 16-turn winding around the
core results in a common-mode inductance of 15.1 mH which translates into over 4.7 Q of im-

pedance at 50 Hz.
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The chosen core was compared to a common-mode choke made of a B642901.0040x830 core
made by TDK out of N30 ferrite material [65], used at CERN for other beam instrumentation
projects. With a single-turn inductance of 5.4 1H, less than 10 % of the nanocrystaline core’s, the
ferrite was wound with 40 turns of a thinner cable. As shown in Fig. 3.25, the choke developed
for the WCT by the author attenuates common-mode signals about twice as much.

To minimise the number of components in the LHC tunnel, all chokes are located in the
service gallery at each input and each output of the distribution amplifier resulting in 10 chokes
needed per WCT. The two input chokes are installed just at the end of the long cables at the
top of the rack, whereas the eight output chokes are installed in an electrically-insulated rack-
mountable box which can fit up to 16 chokes serving two distribution amplifiers, as shown in
Fig. 3.26.

3.4.5 Estimation of signal levels

With the WCT and its front-end electronics designed, one can estimate the signal levels reached
with some typical LHC bunches. Table 2.1 served as a source for the investigated cases, however,
with the information available in the previous sections it is possible estimate the signal for any
arbitrary bunch intensity.

The peak current of a relativistic bunch with a gaussian longitudinal charge distribution is:

Nbe

Ineak = ——— (3.36)
peak oL T

where Ny, is the number of particles forming the bunch, e is the elementary charge, and oy, is
the standard deviation of the gaussian distribution (quadruple of which is the bunch length).

Assuming sufficiently wide bandwidth of the WCT, the sensor’s output amplitude is a product
of the peak bunch current and the transimpedance:

VWCT,peak = Zwcr Ipeak (3.37)

As all the existing and foreseen LHC bunch intensity acquisition systems provide measure-
ments integrated over 25 ns, the WCT output bandwidth can be safely limited at 400 MHz with
a discrete non-reflective low-pass filter. This processes stretches the signal in time and decreases
its amplitude. Likewise, both amplifiers stretch the signal due to their limited bandwidth. There-
fore, the front-end electronics signal levels cannot be easily computed using just the amplifiers’
gains. Since analytical calculations of the signal shape after filtering is impractical, the author
simulated the WCT front-end electronics chain using SPICE-based circuit solver.

Table 3.2 summarises the obtained results. It is worth to note that the system bandwidth
decreases at each stage as the low cut-off frequencies of each system component accumulate.
The total bandwidth of 70 MHz is nevertheless above the minimum limit of 59 MHz defined
in eq. 3.2. Although the amplifiers’ outputs saturate at around 3.8V, the output signals are
linearly proportional to the input only up to around 2.7V. Beyond this value the gain suffers
from compression and the signals becomes virtually unusable for precise measurements. The
proposed solution is not immediately compatible with the high-intensity bunches foreseen for the
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future LHC physics programmes. This issue can be readily solved by adding a discrete attenuator
before the distribution amplifier input while optimising the WCT performance for the beams
used presently. Should the bunch intensity increase, the system will be adjusted through a quick
manual intervention.

Table 3.2: Signal levels of the WCT and its front-end electronics with typical LHC bunches.

Pilot Nominal Future Ion
Bunch Intensity [charges] 5x10° 1.2x10' 22x10" 5x10°
Bunch Charge [nC] 0.8 19.23 35.25 0.8
Peak bunch current [A] 1.28 30.68 56.25 1.28
WCT output amplitude [mV]
in 1.1 GHz BW 35 835 1531 35
in 400 MHz BW 23 553 1014 23
Head amplifier amplitude [mV]
Low gain (in 220 MHz BW) 59 1423 2609 59
High gain (in 220 MHz BW) 594  saturated saturated 594
Distribution amplifier amplitude [mV]
Low gain (in 70 MHz BW) 81 1948 3572 81
High gain (in 70 MHz BW) 813 saturated saturated 813
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Achieved results

The chapter presents the steps taken to demonstrate that the Wall Current Transformer described
in the preceding chapter fulfils the requirements to become a bunch intensity monitor for the
LHC. First, the laboratory measurements taken before any hardware was put in the accelerator
tunnel are discussed. Next, an overview of the system installed in the LHC together with the
installation timeline is given. Finally, the data taken with a particle beam during commissioning,
dedicated study periods, and regular operation are analysed in detail.

4.1 Laboratory measurements

4.1.1 Laboratory coaxial setup

The author carried out the laboratory measurements described in the following sections using
mostly a spare LHC vacuum chamber, including the ceramic insert, which had been adapted
beforehand to serve as a laboratory 50 £2 coaxial line up to a few gigahertz [66]. The chamber
was fitted with an inner conductor of an appropriate diameter and its end-flanges were coupled
to N-type coaxial connectors with smooth conical transitions filled with Teflon [67]. Figure 4.1
shows an outline cross-section of the setup with the WCT (in green), the ceramic insert brazed
to the vacuum chamber (in orange), the inner conductor (in blue), the and conical transition
(in grey) filled with Teflon (in red).

Even though a large coaxial line excited by a voltage source is not exactly equivalent to a
particle beam travelling in a vacuum chamber, the setup proved to be invaluable for laboratory
evaluation and troubleshooting of the WCT. The problems related to impedance mismatch due to
the varying geometry and connectors were relatively straight-forward to understand and correct
for. Nevertheless, the measurements taken with the coaxial setup could be considered as only
preliminary until repeated with a particle beam.

The coaxial setup served to characterise the WCT (and in part also the FBCT and ICT) in
both the frequency and time domains. For the former, the key instrument was a broadband

Figure 4.1: Cross-section of the coaxial setup used for WCT laboratory tests.
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vector network analyzer. In the time domain, some measurements called for using a rather long
step-like signals, whereas some other measurements required custom-built avalanche generators
generating short impulses imitating the beam [68]. These generators provided the most beam-
like pulses and were fundamental for characterizing the sensor.

4.1.2 Fast impulse response

One of the most important laboratory tests for any sensor is measuring its response to an excit-
ation signal which is as close as possible to the real-life observable. In case of beam instrument-
ation, this is very often complicated, if not impossible, as realistically looking beam-like signals
are extremely difficult to produce without using an actual accelerator. However, typically some
approximations and engineering assumptions can be made during laboratory measurements.

A nominal LHC bunch has a peak current of some 30 A and FWHM of about 1 ns. An accurate
representation of this pulse in a 50 2 system would require generation of a 1.5 kV impulse with
a sub-nanosecond rise time. This would be of course impractical. Instead, for the following
measurements the beam was substituted with a 2ns 20V impulse sent into the coaxial setup
and used as an excitation signal for the WCT, FBCT and ICT.

A 12-bit oscilloscope with 1 GHz analogue bandwidth acquired the signals of interest. Al-
though its nominal sampling rate is limited to 2.5 GSa/s, for periodic signals it can be increased
up to 125 GSa/s using the Random Interleaved Sampling (RIS) technique [69].

For the sake of readability, the author normalised the data shown in this section’s plots such
that for each signal its baseline is equal to 0 and its positive maximum is equal to 1.

Figure 4.2 presents the measurements of the fast impulse response of the WCT in two config-
urations. The curve referred to as “Full BW” shows the sensor’s output digitised directly by the
oscilloscope. The other curve demonstrates the effect of a 400 MHz non-reflective third-order
low-pass filter (LPF) applied to the WCT output.

The full bandwidth response of the WCT closely follows the excitation pulse for approxim-
ately 2ns. After that, the WCT signals shows a 10 % reflection followed by a 5% undershoot.
At the time of these measurements, the author could not determine if these artefacts are due to
the coaxial setup imperfections or the WCT itself. Nevertheless, their cause was not investigated
in great detail as the monitor’s intended bandwidth was much smaller. The LHC bunches exist
within 2.5 ns RF buckets which hold all the related bunch intensity information. Therefore, the
highest frequency limit foreseeable for the LHC would not exceed 400 MHz.

Figure 4.3 shows the fast impulse response of the FBCT and ICT with the horizontal scale
covering a period 3 time longer than that of Fig. 4.2. The outputs of both sensors arrived directly
to the oscilloscope using short cables as the corresponding filters installed in the LHC were not
available for laboratory measurements.

Comparably to the WCT, the FBCT’s response closely follows the excitation pulse for about
2ns. However, unlike for the new monitor, there are around 25 ns of subsequent oscillations
with the main resonant frequency in the order of 400 MHz. This effect is caused mostly by
the electromagnetic field trapped inside the FBCT housing due to its significant longitudinal
impedance around this frequency. Section 4.1.8 will present further data supporting this claim.

The fast pulse response of the ICT shows different characteristics than the measurements
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Figure 4.2: Time response of the WCT measured on the coaxial setup.
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Figure 4.3: Time response of the FBCT and the ICT measured on the coaxial setup.
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Figure 4.4: Time response of the WCT, FBCT, and ICT in their full bandwidth configurations.
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obtained with the other two sensors. The main output pulse is much longer, spanning over
some 8ns. It is then followed by a 10 ns 15 % single-period oscillation and finally by a several-
nanosecond-long reflection at a few percent level.

Since 25 ns separate two consecutive LHC bunches, the end parts of the long FBCT and ICT
output could interfere with the sensor’s response to the following bunch. In principle, one could
correct such an artefact by deconvolution of the output signal with a reference single-bunch
response. Such a process, however, would assume that the shape of the FBCT and ICT output
pulse is independent of other beam parameters such as the transverse beam position or spectral
power density. At the time of writing this thesis, the author could not prove such an assumption
to be true. The presented measurements indicate that due to the output pulse shape both the
FBCT and ICT can introduce an error to any LHC bunch intensity measurement system.

4.1.3 Slow pulse response

The WCT, as well as the FBCT and ICT, is a current transformer with no DC response. For
excitations containing a DC component (such as a particle beam current), the sensor’s output
experiences a baseline drift. A straight-forward way to demonstrate and quantify this behaviour
is recording the sensor’s response to a long rectangular excitation, as shown in Fig. 4.5.

The WCT’s output signal exponentially decays by 75 % over 500 pis. Assuming a first-order
exponent, the sensor’s time constant 7 is Tycr = 360 ps. From this, one can calculate the low
cut-off frequency f; of the WCT:
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Figure 4.5: Time response of the WCT to a long pulse.
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4.1.4 Output symmetry

A major design difference distinguishing the WCT from the other typical BCTs are its multiple
intermediate outputs which externally combine to provide a single bunch current signal. This
imposes and additional requirement on the WCT that all its outputs are symmetric, i.e. they
provide equal signals for a perfectly centred beam. However, what is indeed important, is the
signal integral symmetry regardless of the signal shape symmetry.

This measurement was particularly challenging to perform in the laboratory for two reasons.
Firstly, it is difficult to establish the exact electrical centre of the WCT without a dedicated test
bench featuring actuators. Secondly, assuring a perfect symmetry of four somewhat independent
acquisition channels takes a significant calibration effort. The results presented below should
be regarded as only qualitative.

The outputs of the WCT installed on the coaxial setup were labelled A-D anti-clockwise
starting at the monitor’s bottom left quarter facing its connectorised side. A 12-bit 1 GHz oscil-
loscope and recorded at 125 GSa/s using the RIS technique [69] recorded the relevant signals.
Figure 4.6 shows the measurements obtained with a 2ns 20V excitation signal.

The measurements did not reveal any major asymmetries among the outputs. The apparent
difference between the A/C and D/B outputs can be attributed to the oscilloscope [70] and
possible deformations of the coaxial line. Due to the limited development time, the author
made no further efforts to cross-calibrate the oscilloscope channels.

As previously stated, the WCT requires the intermediate outputs’ integrals to be equal when
excited by a centred beam. Table 4.1 lists the results of numerical integration of the signals
presented in Fig. 4.6. The four WCT outputs acquired with a non-calibrated oscilloscope are
within £1 % which the author deemed to be the precision level of this measurement method.
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Figure 4.6: Symmetry of the four WCT outputs.
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Table 4.1: Integrals of individual WCT outputs measured on the coaxial setup.

Output Integral [AU]

A 1.0000
B 1.0036
C 1.0096
D 0.9912

4.1.5 Wire position sensitivity

In order to estimate the approximate WCT’s sensitivity to the transverse beam position, the au-
thor assembled a simple measurement test bench in the laboratory. For the sake of convenience,
a copper wire loop driven by a 30 MHz signal generator substituted the particle beam. One
segment of the loop passed through the WCT, as shown in Fig. 4.7. Additionally, the loop was
terminated with a series 50 2 resistance for minimalistic matching with the generator’s output.
The excitation signal sent to the loop for most of the tests was a 10V peak-peak 16 ns long
rectangular wave with a modest repetition rate of 1kHz. Small transverse displacements of
the wire loop within the WCT mimicked the “beam” offset. A fast oscilloscope recorded the
four intermediate WCT outputs. Figure 4.8 demonstrates the signal labelling convention using
letters A - D anti-clockwise starting at the bottom left quarter facing the connectorised side of
the sensor. The same figure indicates the seven locations of simulated beam offset (PO through
P6) chosen arbitrarily to cover around 30 % of the sensor’s aperture. The beam at the WCT
location does not typically deviate by more than &5 mm from the vacuum chamber axis. The
wire’s position within the WCT was fixed manually with the precision of about +0.1 mm.

Figure 4.7: Setup for WCT wire position sensitivity measurements.
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Figure 4.8: Locations of the wire for WCT position sensitivity estimation.

Whilst one can anticipate that the integrals of the individual WCT outputs would vary for dif-
ferent positions of the excitation loop, their sum should remain constant regardless of the loop’s
displacement. This would be equivalent to the WCT being insensitive to the beam displacement.

Fig. 4.9 presents the measurements obtained for the first 6 “beam” offsets (PO through P5)
with X depicting a numerical sum of the four recorded signals. The plots clearly demonstrate
that each WCT output is visibly sensitive to the loop’s transverse position. The summed signal,
however, looks remarkably similar in all cases.

Table 4.2 provides a further numerical analysis and summarises the amplitudes of each out-
put, the amplitude of the sum and its integral for each measurement point. Noticeably, in the
most extreme case the amplitude of an output changed by a factor of 5 whereas the integral of
the summed signal stays within +1%. The author deemed this as the obtainable precision of
such a measurement method and, due to the limited development time, made no further efforts
to analyse the potential WCT sensitivity to a beam position at a sub-percent level.

The P6 position served to measure the low cut-off frequency of the beam-position-sensitive
component of the WCT signal. Due to the azimuthal inductance between the WCT’s conductive
screws, below a certain frequency the image current flowing through the screws tends to equal-
ise. This, in turn, leads to a loss of the beam position sensitivity as demonstrated in Fig. 4.10.
The excitation signal injected into the wire loop was a 100 us long rectangular pulse with a sharp
16 ns edge. The loop was at the position P6 (x = 8 mm, y = 8 mm), i.e. far from the output A,
close to the output C, and equidistant from the outputs B and D.

69



Chapter 4. Achieved results

Pl (x=8 mm, y=-13 mm)

=0 mm)

PO (x=0mm,y

| | |

S 1;n o 1 O
e & 1 A

-~ S o o J

[nv] spmirdure pasijewwioN

100

75

50

25

100

[ns]

Time

Time [ns]

P3 (x =7 mm,y=-7 mm)

P2 (x =-4 mm, y = -3 mm)

_ _

Tp] LN (@]
NS IS
(] o (] o
[Av] sprandure pasijeurioN

! !
o o
S] )
—

100

75

50

25

100

75

[ns]

Time

Time [ns]

= 2 mm)

P5 (x=-2mm,y

= 3 mm)

P4 (x =3 mm,y

| | |
o LN (=] LN o
N B A
— o (@] o (@]
[nv] spnindure pasifeurioN

I
|

75

w w w w

(@] Ln (@] Ln o
S & »n A

— o o o o
[Qv] spnindure pasifeurioN

100

75

50

25

100

50
Time [ns]

25

[ns]

Time

Figure 4.9: Fast impulse response of the individual WCT outputs for different wire position.
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Table 4.2: Results of the wire-based WCT position sensitivity measurements.

Wire offset [mm ] Signal amplitude [AU] Integral

X y A B C D Sum [AU]

PO 0 0 0.237 0.255 0.253 0.254 1.000 21.986
P1 8 —13 0.270 0.452 0.185 0.094 1.001 22.272
P2 —4 -3 0.315 0.246 0.193 0.249 0.999 22.056
P3 7 -7 0.233 0.386 0.232 0.148 1.000 22.426
P4 3 3 0.205 0.250 0.295 0.251 1.001 22.041
P5 —2 2 0.252 0.213 0.253 0.282 1.000 22.159
P6 8 8 0.092 0.214 0.460 0.214 1.000 -
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Figure 4.10: Long pulse response of the individual WCT outputs for the P6 wire position.

During the first few microseconds, the highest signal is present at the output C (closest to the
wire loop), with outputs B and D having the same amount of signal, and the smallest amplitude
at output A (farthest from the loop). After around 5 ps, all the outputs are at virtually the same
level even though the wire loop remained at its original displacement.

The signals approach their steady state in an exponential manner. The time constant of this
process, derived from the measurements, is Tgpy; = 550 ns. From this, the low cut-off frequency
of the beam position sensitive component of the WCT outputs is:

frpem = ~ 290 kHz 4.2)

2T TepMm

The above exercise reveals that for slow signals (e.g. long bunches), the WCT would be
insensitive to the transverse beam position. This is only a theoretical limit as typical signals
which the sensor operates with are several orders of magnitude faster.
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To quantify the WCT’s beam position sensitivity for fast signals, let’s label the signals at
outputs A through D as V, through V4. Let’s also define the following relations:

VZ:VA+VB+VC+VD
Vaca=Ve—Va 4.3)
Vaepp =V —p

In order to translate the WCT output signals to a transverse beam position let’s define a
two-dimensional Cartesian coordinate system (Xwcr, Ywer) With the following properties:

* axis Xycr runs from the output A to C;
* axis Yycr runs from the output D to B;
* the origin (0, 0) is in the geometric centre of the sensor.

In such a coordinate system, and for relatively small beam displacements, one can consider
the WCT as a simple linear BPM for which the beam position measured along the Xy r axis is
proportional to Vi, and, likewise, the beam position measured along the Yyt axis is propor-
tional to Vpp [28]. With a proportionality factor kycr, the above becomes:

|:XWCT:| = kwer |:VACA:| 44

Ywer VaBD

For any practical BPM, it would be more convenient to use a traditional (x, y) coordinate
system with one axis parallel to the plane on which the accelerator is built. One can achieve this
by translating the (xywcr, Ywer) using a rotation matrix:

X X
el
y Ywcer
For a given anticlockwise rotation angle 0 this matrix has a form [71]:
R cosf —sinf 4.6)
~ [sin@  cos® '

Since the WCT’s outputs are located at 45° of the typical (x, y) coordinate system, one gets
that Oycr = 45° = 7. From that the rotation matrix of the WCT is:

¥2 427 To71 —0.71

Rywer =1 2 2 |~ 4.7)

Wer— vz 42 0.71 0.71 '
2 2 : .

Let’s introduce the rotation matrix to eq. 4.4 to translate the measurements into the (x, y)

X Vv
[ :| = kwctcht [ ACA:| (4.8)
y VaBD

coordinate system:
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To establish the proportionality factor ky.r, let’s consider the WCT as an ideal BPM for which
the electrodes (i.e. outputs) measure the image current induced by the beam on the vacuum
chamber walls. The proportionality factor k of such a BPM with an aperture d and an angular
coverage ¢ of a single electrode is [28]:

k=—% 4
4sin%V2

(4.9)

The four WCT outputs provide a total coverage of the image current. With their symmetrical
arrangement, each output covers a quarter of the vacuum chamber circumference:

i
Pwer =90° = 2 (4.10)

A combination of the two above equations leads to the estimation of the WCT’s beam position
sensitivity proportionality factor:

T4 osed 4.11)

kwer = ——
T 42 vy Vs

Finally, by incorporating the numerical values of kycp and Ryt into eq. 4.8, one achieves
the formula to convert the signals measured by the individual WCT outputs into transverse beam

1.81 1 —-11|(V
S
y Vs, 1 1] Vagp

To validate the above, let’s consider the signals measured at the location P4 (3 mm, 3 mm):

position information:

Vg = 1.001
Ve = 0.090 (4.13)
VBD =—0.001

Introduction of these values into eq. 4.12 yields:

31.8lmm |1 -1 0.090 2.89
—_— = mm (4.14)
1.001 1 1{[—0.001 2.83

The results are remarkably close to the assumed position of (3 mm, 3 mm), especially given
that the loop’s position was neither calibrated not precisely controlled during the measurement.
All the analysis carried out so far considered only relative changes between the outputs. The
WCT, as any other sensor, provides signals of measurable amplitude. In order to assess the WCT’s
beam position sensitivity in absolute terms, one has to establish the monitor’s sensitivity to the
beam charge. As demonstrated in section 3.4.5, for the LHC sensor’s output voltage sensitivity

to the beam charge is:
Swer ~43.5mvnC! (4.15)
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For clarity of the following analysis let’s define the WCT geometric factor from eq. 4.12:
Rearranging eq. 4.12 by multiplying it by the inverse of the rotation matrix Ryycy yields:
1|V, 1 0.5 0.5]||x
i) = o oL )
VE VABD aWCT _0.5 0.5 _y

Let’s now introduce a diagonal beam displacement r such that:

X=y=r (4.18)

This is equivalent to an in-axis offset of r in the original coordinate system (xywcr, Ywer) and
simplifies analysis by decoupling both axes:

Eleal= o 19
Vs L Vagp awcr L0

As no displacement is present in Yyycr, the problem reduces to a single dimension:

r

VA == VZ (4.20)

awcer
The sum signal Vs is a combination of the four WCT’s intermediate outputs, each of which
has a sensitivity Syycr. For a beam charge Q, the sum becomes:
Vs =4SwcrQ (4.21)
Combining the two above equations results in the value of the difference signal for an in-axis
displacement r of a beam with charge Q:

r

VA =4SwcrQ (4.22)

awcr
Finally, one can define the WCT’s beam position sensitivity normalised to the transverse
beam displacement and the beam charge as:

\% S
A _ 4oWCT

e ~4.5mVmm 'nC! (4.23)
Qr awcr

Sawer =

To conclude the analysis, one can consider a realistic LHC beam charge to evaluate possible
application of the WCT as a BPM. For a nominal LHC bunch of 20 nC (1.25 x 10! protons) dis-
placed by 1 mm from the sensor’s centre the difference between the opposite outputs’ amplitudes
would be in the order of 90 mV.
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4.1.6 Bandwidth

A classic way of characterising high-frequency sensors is to measure their response in frequency
domain with a Vector Network Analyser (VNA) through scattering (S) parameters [72].

The author installed the WCT, FBCT and ICT on the laboratory coaxial setup and measured
their frequency response using three ports of a 4-port VNA as shown in Fig. 4.11. The first
port was connected to the coaxial setup input, the second to the output of each sensor’s output,
and finally the third to the coaxial setup output. In such a configuration, the S21 parameter
characterises the coupling between the coaxial setup and the installed monitor, whereas the S22
parameters characterises the sensor’s output voltage reflection coefficient.

Before discussing the VNA measurements it is important to emphasise that the laboratory
coaxial setup can only approximate the real electromagnetic field generated by an ultrarelativ-
istic beam, especially at very high frequencies. A particle beam moving close to the speed of
light in a continuous vacuum chamber generates only transverse electromagnetic (TEM) field,
as explained previously in section 2.1.3. On the other hand, the coaxial setup’s geometry and
some unavoidable discontinuities will lead to the appearance of additional field modes which
might affect the measurement quality.

Figure 4.12 shows the frequency response of the FBCT, WCT and ICT in the range of 1 MHz
to 2000 MHz. The FBCT and WCT were measured in two configurations: without any external
filtering (labelled as “Full BW”) and with an external low-pass filter which each sensor features
as installed in the LHC (labelled as “LPF”). Moreover, the measurements were normalised such
that the response of each monitor at 1 MHz is equal to 0 dB.

The FBCT in its unfiltered configuration exhibited a 3 dB high cut-off frequency of approx-
imately 1 GHz. Nonetheless, deviations at the level of £1dB begin appearing above 30 MHz
and a very strong resonance is present around 450 MHz. Both of these irregularities deteriorate
the quality of the FBCT time-domain response, especially the latter which manifests itself as
a relatively slowly decaying oscillation following the main beam-induced pulse. For the FBCT
installed in the LHC, a 80 MHz low-pass strongly attenuates the 450 MHz resonance, as shown
in Fig. 4.12. Despite that, the less pronounced magnitude deviations in the range 30 MHz to
100 MHz remain visible as they are within the filter’s bandwidth. Due to these deviations, the
3 dB bandwidth of the monitor after filtering is slightly higher than the cut-off frequency of the
filter itself and reaches approximately 100 MHz.

L ]
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Sensor output QN @
i/

VNA
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P1 P2 P3

Coaxial input Coaxial output

Figure 4.11: Connections for laboratory bandwidth measurements.
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Figure 4.12: Frequency response of the FBCT, WCT and ICT measured with a coaxial setup.

The full bandwidth measurements of the WCT further validate its excellent time-domain
response discussed at the beginning of the chapter. The sensor’s coupling to the input signal re-
mains constant within £1 dB up to 2 GHz, which the author deemed as the maximum frequency
for reliable measurements with the coaxial setup. Moreover, the first abnormal behaviour of the
WCT appears only above 700 MHz, where limited power of the input signal is still available.
A 400 MHz filter, chosen for the final LHC installation, provided a good compromise between
removing any high-frequency unpredictability and maintaining a fast time-domain response.

Finally, frequency response of the ICT is strikingly similar to the one of the FBCT with a low-
pass filter with a 3 dB bandwidth of around 100 MHz. The ICT response is smoother without any
significant deviations, however, at around 18 MHz it drops by 1 dB. Due to the ICT’s commercial
non-disclosed design, the cause of this drop remains not understood by the author.

4.1.7 Impedance matching

As the output signal duration of the three discussed sensors is in the nanosecond range, good
impedance matching becomes an important design objective. To assure optimal signal transmis-
sion, the sensor’s output impedance Zqyt should be matched to the characteristic impedance Z,,
of the used cables as well as to the input impedance Zyy of the following electronics. The value
almost universally used for high-frequency measurements is Zgyr = Zy = Zjy = 50 Q2.

Using the measurement setup described in section 4.1.6, the S22 parameter, commonly re-
ferred to as the output voltage reflection coefficient, can serve to asses the output impedance
matching of each monitor:

Z —7
Sy = 20 log;, —2L_0 (4.24)
Zpur + 2o
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Figure 4.13: Reflection coefficient of the WCT output.

where Zpyt is the unknown output impedance and Z; is the reference impedance. Low values
of S22 correspond to good impedance matching.

Figure 4.13 shows the WCT S22 measurements. To demonstrate the influence of an external
filter on the output impedance, the author measured the WCT in three different configurations:
without any added filter (labelled as “Full BW”) and with two absorptive low-pass filters with
cut-off frequencies at 320 MHz and 120 MHz. In all three cases, the sensor demonstrated a
very good impedance matching up to 1 GHz. Even for very high frequencies, the S22 parameter
remains below —30dB which translates to the maximum impedance variation of £6.5%. For
comparison, good-quality commercial low-power 50 Q) loads reach S22 values of —32 dB for the
same connector type and frequency range.

4.1.8 Longitudinal impedance

The electromagnetic field of a charged particle beam interacts with any structure through which
the beam travels. Depending on the materials and geometries used in components seen by the
field, the beam might lose a non-negligible amount of energy leading to heat generation and
other detrimental effects. The property typically used to quantify this behaviour is called the
longitudinal beam-coupling impedance [73] and is a frequency domain representation of the
component’s electromagnetic response to an impulse excitation.

Reducing the longitudinal impedance is particularly important in accelerators using high-
power beams, such as the LHC, in which even a very small fraction of the beam power could
constitute a significant source of heat. One must take appropriate precautions at the design
stage for any accelerator component. The two primary factors responsible for an increase in
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the longitudinal impedance are hollow cavities exposed to the beam’s electromagnetic field and
discontinuities in the conductive vacuum chamber.

Although electromagnetic simulations can compute the longitudinal beam-coupling imped-
ance of a given component, it is a common practice to carry out laboratory measurements to
characterise newly designed components. In the traditional method, a wire which is coaxial to
the component under study substitutes the particle beam [74]. To calculate the component’s
longitudinal impedance, one measures the transmission through the wire and compares it to a
reference measurement for which a perfectly conductive surface replaces the component. For
Sy1 pur being the transmission through the wire with the component in-place, Sy g being the
reference transmission measurement, and Z, being the characteristic impedance of the coaxial
arrangement, the longitudinal beam-coupling impedance Zpt of the studied component is:

S21,pUT

ZDUT == _2ZO 11’1 (4.25)

21,REF

Since both Sy; pyr and Sy; gpr are complex, so is the resulting longitudinal beam-coupling
impedance Zpy. The real part of Zp;p corresponds to the loss of beam energy due to electro-
magnetic interactions with the structure whilst the imaginary part of Zpt is correlated to the
change particles experience in their motion along the accelerator.

Using the above described method, the author measured the beam coupling impedance of
the FBCT and WCT. As the ICT was not available during the measurement campaign, the thesis
presents no results for that sensor. Nevertheless, its mechanical assembly and used materials are
from the electromagnetic point of view similar to the the ones of FBCT and the author expects
the two sensors to exhibit a comparable behaviour.

During measurements, the central conductor of the laboratory coaxial setup played the role
of a wire. For reference transmission measurements, a copper sheet surrounded the ceramic
insert and firmly attached to a cleaned conductive surface on either side. Then, transmission
measurements were conducted with each of the sensors installed on the setup. Figure 4.14
presents the obtained results. Figure 4.15 shows the magnitude as well as the real and imaginary
parts of the longitudinal beam-coupling impedance, calculated using eq. 4.25, for both sensors.

The measurements fully validated the WCT low-impedance design with minimised volume
of unfilled cavities. The carefully selected ferrite material for the large cores is opaque for elec-
tromagnetic fields at high frequencies. Moreover, a clear path for the image current, defined for
a wide frequency range, mitigates any discontinuities in the conductive vacuum chamber. As a
result, the longitudinal beam-coupling impedance of the WCT remains below 6 Q up to 2 GHz
which was the maximum measurement frequency.

In contrast, the FBCT design does not exhibit low beam-coupling impedance. The large
unfilled volumes and significant discontinuities in the image current path lead to two resonant
frequencies observed at 380 MHz and just above 1 GHz. In the LHC, there is significant beam
power present up to approximately 1.5 GHz and both of the measured resonance contribute to
energy loss of the beam.
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Figure 4.14: Magnitude of the transmission coefficient through the coaxial setup with the FBCT
and the WCT installed over the ceramic insert.

100
S 50
N
0
100
S —— FBCT
=~ 50H wer
3
e
0 ; : ;
§ 0 ‘=_/\'\
N —— FBCT
L= —— WCT
_50_
100

Frequency [MHz]

Figure 4.15: Longitudinal beam-coupling impedance of the FBCT and the WCT measured with
the coaxial setup.
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4.2 LHC installation

Regardless of the thorough laboratory measurements giving very promising results of the po-
tential WCT performance, it was deemed necessary that all three sensors — the already installed
FBCT, and the newly designed ICT and WCT - are compared with a real particle beam at the
same time. Therefore, deployment of the WCT came in stages as outlined in Fig. 4.16.

Up until the beginning of 2015, there were four FBCTs installed in the LHC. Each LHC
ring was equipped with two sensors referred to as an operational “System A’ and a redund-
ant “System B”. Moreover, since the FBCT’s magnetic cores can suffer permanent damage after
exposure to excessive heat, each sensor can be fixed in one of two positions: “measurement”
used during the accelerator operation, and “parking” over water-cooled tubes used whenever
high-temperature treatment of the vacuum chamber is required. Figure 4.16 follows a naming
convention whereby the System A monitor installed on the LHC Ring 1 is labelled as “R1A".

In 2015, at the end of a two-year-long LHC maintenance period Long Shutdown 1 (LS1), the
ICT became the System B sensor on Ring 1 (see Fig. 4.17), and the author replaced the System
B Ring 2 FBCT with the WCT (see Figs. 4.18 and 4.19). Complete removal of one FBCT enable
moving the ICT to the parking position. Since the WCT disassembly does not require opening
the vacuum chamber, removal of the other FBCT was not necessary and it was displaced to its
parking position making space for the new instrument. With the remaining System A FBCTs
(see Fig. 4.20), it was possible to compare the three monitors in various accelerator conditions.

Following a successful 2015 beam measurement campaign reported in the proceeding sec-
tion, the WCT became the new operational sensor for bunch intensity measurements in the LHC.
Hence, in February 2016 both System A FBCTs were displaced to their parking positions and the
author installed two new WCTs in the freed slots (see Fig. 4.21).

A total migration to the WCT in the LHC was completed at the beginning of 2017, when
another team moved the remaining ICT to its parking position and installed a fourth WCT (see
Fig. 4.22). At the same time, another WCT of the same design, was also installed in the second
largest accelerator at CERN, the SPS (see Fig. 4.23).

As explained in section 3.4, each WCT installation consisted of the sensor and its front-end
electronics installed partially in the LHC tunnel, and partially in an underground technical gal-
lery 10 m away. Figure 4.24 shows an overview diagram of the front-end electronics installation.

A ladder of resistive combiners (labelled as ¥ in Fig. 4.24) sums the four WCT intermediate
outputs into a single signal. A 400 MHz non-reflective low-pass filter stretches the pulse in time.
A coaxial cable brings the signal to the head amplifier fixed to one of the posts supporting the
beam line. Two 20m coaxial cables connect the amplifier’s low and high gain outputs to a
rack in a nearby underground technical gallery. Each WCT signal passes through a common
mode choke, shown in Fig 4.25, breaking any potential ground loops between the tunnel and
the technical galleries which could lead to an unwanted low-frequency interference, typically
at 100 Hz. Next, non-reflective filters further limit the bandwidth to 200 MHz. The distribution
amplifier, shown in Fig. 4.26, produces four copies of each signal. As the amplifier serves four
various acquisition system hosted across several racks, as shown in Fig. 4.27, the final low-pass
filters and attenuators were selected per application and adapted as needed.
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Figure 4.16: Timeline of migration from the FBCT to the WCT in the LHC.
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Figure 4.17: ICT R1B installed in the meas-  Figure 4.18: WCT R2B installed in the meas-
urement position with the water-cooling cir-  urement position.
cuit visible in the background.

Figure 4.19: WCT R2B with its head amplifier fixed to a yellow vertical support next to FBCT
R2A. One of the DCCTs can be seen under the transparent plastic cover.

Figure 4.20: FBCT R1A installed in the measurement position.
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Figure 4.21: WCT R1A installed in the measurement position with the FBCT R1A displaced to
the parking position. The intricate water-cooling circuit for protecting the FBCT and ICT during
high-temperature treatment of the vacuum chamber can be seen behind the FBCT.

Figure 4.23: WCT installed in the SPS accelerator.
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Figure 4.25: Common-mode chokes and 200 MHz low-pass filters installed at the end of the

Heliax coaxial cables before the distribution amplifier.
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Figure 4.26: Distribution amplifier and a box common-mode chokes installed in a 19-inch rack.

84



Chapter 4. Achieved results

Figure 4.27: 19-inch racks hosting the WCT, FBCT and ICT acquisition electronics.

4.3 Beam intensity measurements

With the three bunch intensity monitors installed in the LHC simultaneously, it became possible
to evaluate the WCT, FBCT, and ICT performance with a real particle beam. All sensors sent
their signals to acquisition systems which continuously recorded the computed bunch intensities
into the CERN Accelerator Logging Service. To avoid storing an excessive amount of data, the
bunch intensities are averaged over one second before logging. For the same reasons, the central
database does not routinely store raw digitised waveforms of the signals generated by bunch
intensity monitors. However, an oscilloscope installed in the technical gallery could conveniently
record the time-domain signals. A nearby rack hosted the same 12-bit instrument with 1 GHz
analogue bandwidth as used for laboratory measurements. It allowed single-shot sampling of
the monitors’ outputs at 2.5GSa/s and multi-shot acquisition up to 125 GSa/s using the RIS
technique [69].

4.3.1 Time response to a single bunch

The most fundamental yet critical measurement to evaluate performance of any bunch intensity
monitor is the time-domain signal it generates with a single particle bunch circulating in the
accelerator. The signal’s amplitude and shape must be well adapted for the foreseen acquisition
electronics and the signal duration should not exceed a given integration window. To reduce
the noise level, an oscilloscope averaging 100 consecutive acquisition recorded the WCT, FBCT
and ICT outputs.
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Figure 4.28: Amplitude-normalised time response of the FBCTs, the ICT, and the WCT to a
nominal LHC bunch, measured with beam.
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Figure 4.28 shows the amplitude-normalised time response of the FBCTs, the ICT, and
the WCT to a nominal LHC bunch measured with beam during the 2015 commissioning period.
Both FBCTs were equipped with analogue 70 MHz low-pass filters which had been installed
since July 2011 to limit the beam-position and bunch-length sensitivity of the monitors [46].
No external filters altered the ICT signal. The WCT response was measured in two configur-
ations: unfiltered full bandwidth and through a 120 MHz non-reflective low-pass filter. For
technical reasons, the curves shown in Fig. 4.28 were not recorded at the same time but with
different beams in virtually identical conditions: beam energy of 450 GeV, bunch intensity of
1.1 x 10" protons, and bunch length of 1.2 ns.

The responses of the FBCTs installed on the two LHC rings are plotted in black. Both in-
struments generated a main pulse of about 12 ns followed by a tail extending over some 40 ns.
Interestingly, even though the two FBCTSs are the exact same model, the tails in each case look
drastically different making them somewhat difficult to correct.

Similarly to the FBCT, the ICT’s response, plotted in blue, consists of a main pulse followed
by a tail. However, in this case the duration of both signal components is shorter — the main
pulse is about 10 ns long with the tail lasting some additional 20 ns.

The low-pass filtered variant of the WCT, shown in red, produced a single pulse filling almost
the entirety of the available 25 ns bunch window, leaving about 2 ns of baseline following the
pulse. On the other hand, the unfiltered WCT response, represented in green, is a pulse mirroring
the longitudinal structure of the bunch followed by a 1 ns reflection at a 10 % level. The author
believes that the reflected pulse originates within the internal PCBs and is a result of an imperfect
way the individual RF transformer signals are summed. As the WCT initial specification did
not call for operating the monitor in a full-bandwidth configuration, the author performed no
optimisation to mitigate this reflection due to the limited development time available.

Among the three kinds of tested instruments, only the WCT’s response fulfils the maximum
output pulse length requirement of the LHC bunch intensity measurement system. The responses
of the FBCTs and the ICT extend over 25 ns after which time another bunch could be present.
In such a case there would be a non-negligible “leakage” of the signal which, in turn, would
compromise accuracy of the intensity measurements of the following bunch.

The unfiltered WCT response is short enough to be easily shaped with external low-pass
filters. Typically, this is a desirable feature for bunch intensity monitors as it makes the output
pulse shape easily adjustable for the particular front-end electronics and acquisition system used.

With some very encouraging measurements of the unfiltered WCT, the author decided to
compare its performance with the monitors designed for diagnostics of the longitudinal bunch
parameters. In the LHC this functionality is provided by a Wall Current Monitor (WCM)! [30].
Figure 4.29 shows the results of this comparison. The data were obtained during the 2015 LHC
beam commissioning period with a nominal LHC bunch with intensity of 1.1 x 10! protons,
bunch length of 1.2 ns, and energy of 450 GeV.

The WCM response was measured in two configurations: the operational “summed outputs”
mode, as well as the improved “single output” mode highly optimised for special longitudinal
diagnostics at the expense of increased beam position sensitivity of the monitor. For this meas-

'In the LHC the WCM is often referred to by its internally attributed equipment code - APWL.
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Figure 4.29: Normalised time response of the WCM and the WCT to a nominal LHC bunch.

urement, the author removed the WCT’s front-end electronics, including all low-pass filters, and
reduced the cabling to the necessary minimum.

All three curves are similar, with notable differences only at the pulses’ falling edges. All in-
struments exhibited virtually identical rise time with the optimised “single output” WCM, plotted
in blue, having slightly shorter Full Width at Half Maximum (FWHM) and showing practically no
perturbation at the pulse’s tail. The output pulse of the more conventional “summed outputs”
WCM, shown in green, has a rather long tail stretching over some additional 2ns. The WCT
response, plotted in red, accurately follows the “summed outputs” WCM response without the
latter’s tail. However, a 10 % 1 ns reflection impairs the WCT output pulse quality.

Regarding longitudinal bunch diagnostics, the above test clearly proves that the WCT has
potential to become a viable alternative to more commonly used WCMs for LHC-like bunches.
Clearly, additional work would be required to match the performance of the optimised “single
output” variant of the WCM. Nevertheless, one can assess the first longitudinal measurements
performed with the WCT as promising.

4.3.2 Signal levels

Nominal bunches colliding in the LHC consist of around 1.2 x 10'! protons each. For safety reas-
ons, the very first bunch injected into the accelerator, often referred to as a pilot bunch, contains
many fewer particles, in the order of 5 x 10° protons. The WCT must efficiently measure a wide
range of image current levels. To improve the measurement accuracy for small signals, the ana-
logue front-end electronics splits the sensor’s output between two parallel channels amplifying
the signal with either high or low gain.
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Figure 4.30: Time response of the WCT with its front-end electronics to a pilot and a nominal
LHC bunch measured with beam during the 2015 commissioning period.
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In the high gain channel, a low-intensity bunch (5 x 10° protons) produces a signal filling
approximately 25 % of the front-end electronics linear dynamic range of 2.7V. On the other
hand, the low gain channel is around ten times less sensitive, i.e. it produces signals covering
approximately 50 % dynamic range for a high intensity bunch (1 x 10! protons).

Figure 4.30 shows the WCT’s analogue front-end electronics outputs with typical pilot and
nominal bunches circulating in the LHC. For comparison, the signal the WCT generates without
any amplifications nor filtering is shown in the bottom plot in green (labelled as “Full BW”).

To obtain some intuitive feeling about the WCT’s sensitivity, it might be convenient to estab-
lish scaling factors translating the peak output voltage into an approximate number of particles
seen by the sensor. The high-gain channel produced the peak voltage of 702 mV for a bunch of
5.8 x 10 protons. Thus, this channel’s peak output voltage sensitivity is 8.3 x 10° protons/mV.
The same exercise for the low gain channel yields a sensitivity of 8.8 x 107 protons/mV. Due to
the front-end electronics’ limited dynamic range, for high-intensity bunches, the high gain chan-
nel saturates at just over 3.5V making it unreliable for measuring bunches containing more than
approximately 3 x 10 protons.

The measured peak voltage values are around 30 % lower than what would be expected
based on the estimations presented in Tab. 3.2. These additional losses, not taken into account
when calculating the signal levels, are due to the long cables connecting the WCT head amplifier
installed in the LHC tunnel with the distribution amplifier located some 10 m away.

The peak output voltage discussed above is important primarily to essure that the front-
end electronics output signal matches the acquisition electronics’ dynamic range. To obtain the
bunch intensity, the signals must be integrated as described in section 2.1.4. The analogue front-
end electronics besides amplifying signals also “stretches” it with appropriate low-pass filters to
maximally use the available acquisition time window.

4.3.3 Beam position sensitivity

One of the main motivations for the WCT’s development was the FBCT’s sensitivity to the trans-
verse beam position. In summer of 2015, the author benefited from a dedicated beam time to
quantify performance of all LHC bunch intensity monitors [75]. The beam position sensitivity
evaluation, conducted in parallel for the FBCTs, ICT, and WCT, used five nominal bunches of
about 1.1 x 10! protons each, with 1.3 ns average bunch length circulating in each LHC ring at
an energy of 450 GeV. Hundreds of empty bunch slots separated the bunches to minimise the
possible bunch-to-bunch signal leakage for the monitors with a response longer than 25 ns.

Once the beams were circulating in the LHC, a cross-calibration equalised the initial intensity
reading of all the instruments. An additional magnetic field applied to the beam through a
process called a 3-corrector orbit bump changed the beam position at the instruments’ locations
in eight consecutive steps:

1. Positive horizontal (H)?

2. Negative horizontal
3. Positive vertical (V)

Zper the LHC convention, the horizontal plane’s positive direction points outside of the ring, regardless of the
beam movement direction. For the vertical plane, the positive direction is always towards the top of the beam pipe.
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The beam remained for approximately 60 s at each programmed step after which it returned
to its reference orbit for additional 60s to allow measurements of the natural beam intensity
decay. Due to the physical location of the tested monitors and limitations of the LHC magnets,
it was not possible to provoke bumps of the same amplitude for both planes in both LHC rings.
The beams moved by 1.5 mm to 3 mm. Linear interpolation was applied to calculate the exact
beam offset at the location of each intensity monitor using the closest BPMs located 22 m to
25m (anticlockwise) and 7m to 10 m (clockwise) away.

Table 4.3 summarises the observed sensitivity of the beam intensity measurement to the
transverse beam position. The table reports the ratio of the beam intensity measured with an
orbit bump applied to the beam intensity measured during the previous zero-offset period and
normalised to the unit of mm™.

Figure 4.31 demonstrates the evident correlation between the FBCT reading and the trans-
verse beam position. During the measurements the FBCTs were equipped with 70 MHz low-pass
filters used since 2011 to reduce the monitor’s sensitivity to the beam position [46]. The meas-
ured beam position sensitivity of 1.4 x 107> mm™ to 8.2 x 10> mm™! is in fact already about
10 times lower than what had been originally observed during the 2010 LHC commissioning
campaign [17]. The relatively large difference in both planes, especially in Ring 1, has been
speculated to originate from the inherently asymmetrical winding featuring only a single con-
nector. This, however, has not been formally proven as of writing this thesis.

With its limited bandwidth, the ICT performed much better than the FBCT. Nevertheless, it
exhibited some residual beam position sensitivity at the level of up to 0.2 x 1072 mm™!. As for
the FBCT, the intrinsic monitor’s asymmetry has been hypothesized as the root cause. It must
be noted that the ICT was below the limit of 1 x 1073 mm™" specified for LHC bunch intensity
monitor’s beam position sensitivity. The measurements presented in this section are reported
for the reader’s curiosity.

With a detection limit of 0.05 x 107> mm™!, the WCT was the only LHC bunch intensity
monitor which did not exhibit any beam position sensitivity. This proves that regardless of
splitting the image current into eight components measured by independent RF transformers,
recombination of the intermediate signals does not introduce any unwanted asymmetries.

Table 4.3: Estimated beam position sensitivity of the LHC bunch intensity monitors

Position sensitivity (upper bound) [mm™!]

Plane FBCT Ring 1 FBCT Ring 2 ICT WCT
Horizontal 6.5%x 1073 5.1 x 1073 02x10% <0.05x107°
Vertical 1.4x 1073 82x1073 0.1x102 <0.05x1073
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Figure 4.31: Beam position sensitivity measured for the FBCTs, the ICT and the WCT during a
dedicated beam time (LHC fill 4022).
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4.3.4 Bunch length sensitivity

The WCT addresses not only the FBCT’s beam position sensitivity but also its bunch length
sensitivity observed during 2010 LHC commissioning [17]. As a bunch gets shorter, its spectrum
contains more power at high frequencies. For monitors exhibiting resonances, such as the FBCT
as shown in section 4.1.6, the extra power amplifies the oscillation trailing the output pulse
which affects the signal integration process. A deliberate reduction of the monitor’s bandwidth,
as done for the FBCTs in 2011 [46], can mitigate this detrimental effect.

The author quantified the FBCT, ICT, and WCT bunch lenght sensitivity using the same
beams which served for the beam position sensitivity studies, i.e. five nominal bunches of about
1.1 x 10*! protons each at an energy of 450 GeV. The bunch length was controlled through
adjusting the voltage applied to the accelerating RF cavities over the range of 3MV to 14 MV
starting at 6 MV corresponding to a bunch length of 1.32 ns. A step of 1 MV shortens the bunch
by approximately 50 ps when the voltage increases or elongates it by the same amount when
the voltage decreases. The studied bunch lengths spanned from 1.05ns up to 1.5ns covering
the entire range used in regular LHC operation.

For the sake of clarity, a cross-calibration of all monitors resulted in coherent readings at
the beginning of the procedure. The LHC Beam Quality Monitor (BQM), regularly used for
this purpose, measured the bunch lengths. Table 4.4 summarises the measured bunch length
sensitivity of the tested sensors, computed as the ratio of the beam intensity measured with the
given bunch length, to the initial beam intensity measured before adjusting the RF cavities. The
calculated values are in the unit of ns~!. With the very small bunch length sensitivity observed
for all tested instruments, the reported values should be considered only as indicative.

Figure 4.32 shows that with the detection limit of 2 x 107> mm™" neither the FBCT nor the
ICT displayed any sensitivity to the bunch length. The WCT readings, on the other hand, were
unexpectedly correlated with the bunch length at the level of 5x 10~3 mm™. The author studied
the source of this dependency in the laboratory and proved that it originated not from the sensors
itself but rather from non-linearities in the front-end electronics caused by a limited slew-rate.
The author solved this issue by redistributing the gain among the head-amplifier stages. Three
months after the original tests, another WCT bunch length sensitivity measurements with beam
took place. Figure 4.33 demonstrates that the unwanted sensitivity completely vanished and
the WCT is as insensitive to the bunch length as the other two monitors.

During a regular LHC collision cycle, the bunch length naturally decreases by approximately
300ps. A bunch length sensitivity of below 2 x 103 ns!
translates to a negligible measurement error of under 0.06 %.

, observed for all three monitors,

Table 4.4: Estimated bunch length sensitivity of the LHC bunch intensity monitors

Bunch length sensitivity (upper bound) [ns™!]
FBCT Ring 1 FBCT Ring 2 ICT WCT WCT (MD2)

<2x1073 <2x1073 <2x1073 5x 1073 <2x1073
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Figure 4.32: Bunch length sensitivity measured for the FBCTs, the ICT, and the WCT during
dedicated beam time (LHC fill 4022).
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Figure 4.33: Bunch length sensitivity measured for the FBCT, and the WCT during dedicated
beam time (LHC fill 4547).
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4.3.5 Special cases

This section discusses measurements obtained with the WCT and, where appropriate, other
sensors during special accelerator conditions. Although the author did not explicitly optimise
the WCT for each of the discussed scenarios, physicists generally expect reliable bunch intensity
measurements to be available under any circumstances. Those special cases served to quantify
any potential performance limitations of the WCT.

Satellite bunches

Very low intensity satellite bunches occur due to the acceleration system imperfections. They can
occupy any RF bucket not taken up by one of the main bunches and in the LHC their intensity
typically does not exceed 0.5 % of the nominal bunch population. Above a certain intensity
threshold the satellite bunches compromise the safety of some accelerator components, and in
LHC dedicated instrumentation continuously monitors their population and can autonomously
request an emergency beam ejection before the unsafe threshold is exceeded.

The LHC features the Longitudinal Density Monitor (LDM), a single-photon counting sensor
of synchrotron radiation [43]. With a temporal resolution of 50 ps and a high dynamic range
exceeding 1 x 10° (achieved due to minutes-long integration time), the LDM surpasses satellite
bunch measurement capabilities of any monitor based on current transformers. Nevertheless,
the authored deemed it interesting to verify if the WCT is sensitive enough to observe the satellite
bunches even if it could not match the LDM performance.

A 12-bit oscilloscope with 1 GHz analogue bandwidth sampling at 2.5 GSa/s, with a 120 MHz
low-pass filter installed at its input, recorded the WCT front-end electronics “high gain” channel
described previously in section 3.4. To improve the signal-to-noise ratio, each waveform is an
average of 500 consecutive acquisitions. The LDM data come from the CERN Accelerator Log-
ging System. For the sake of readability, the signals of both monitors were rescaled such that
the highest intensity bunch has an amplitude of 1.

Figures 4.34 and 4.35 compare satellite bunch measurements obtained with the LDM and
the WCT. There exists an explicit correlation between the signals provided by both instruments.
However, the outstanding temporal resolution of the LDM is evident with each individual satel-
lite bunch being easily distinguishable. Due to the insufficient bandwidth, the WCT signal cor-
rupts measurements of the subsequent satellite bunches spaced by 5ns. The WCT high-gain
channel typically measures only low intensity bunches and the front-end electronics saturate
in presence of nominal bunches. As a consequence, the amplifiers require a certain recovery
time to provide reliable measurements after being saturated. Figure 4.35 demonstrates that the
four satellite bunches preceding the high-intensity train are clearly recognisable whilst the four
succeeding ones are overshadowed by a long tail.

Qualitatively, the WCT can coarsely observe the satellite bunches in certain situations but
deriving their intensity from the waveforms does not seem feasible. The dynamic range and
temporal resolution required for such measurements are orders of magnitude greater than what
the WCT can achieve. Nevertheless, the monitor can serve to cross-verify the LDM measurements
in case the latter presents any issues.
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Figure 4.34: Comparison of satellite bunch measurements with the LDM and the WCT during
the LHC fill 4569.
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Figure 4.35: Comparison of high-intensity beam recovery time between the LDM and the WCT
during the LHC fill 4640.
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Doublet bunches

The so-called doublet bunches proved to be extremely effective at conditioning the inner sur-
faces of the LHC vacuum chambers preparing the accelerator for a smooth operation with high-
intensity beams [76]. They consist of a pair of bunches (often called bunchlets) 5 ns apart, with
each pair spaced by the regular 25 ns LHC bunch repetition period.

The usage of doublet bunches is very rare and never for high energy collisions. Their intensity
measurement accuracy requirements are less demanding than for the nominal conditions and
in principle no dedicated instrumentation is required to monitor the doublet bunches. However,
coarse measurements are important for safety and operational reasons under any accelerator
conditions and the author tested the WCT performance with doublets as their observation with
limited accuracy is one of the functionalities provided by the old FBCTs.

Figure 4.36 shows a train of nine doublet bunches measured using the WCT’s “low gain”
channel, in the standard configuration, connected to a 12-bit oscilloscope with 1 GHz analogue
bandwidth sampling at 2.5 GSa/s.

Each of the two bunchlets making up a doublet pair is clearly distinguishable. However,
signal leakage from the first to the second bunchlet is evident as the waveform does not reach
the baseline between the two bunchlets. Due to the lack of other instrumentation configured
for intensity measurements of the individual bunchlets at the time, it is not possible to precisely
quantify the WCT measurement error. Based on the waveform shape obtained with individual
bunches and on the signal level between the two bunchlets, the author estimates that approx-
imately 5 % of the first bunchlet integral leaks into the subsequent bunchlet.

AN
AEEEREERERN
S USUS IS S v v

0 25 50 75 100 125 150 175 200 225
Time within LHC revolution period [ns]

Figure 4.36: Time domain response of the WCT with a low-pass filter to doublet bunches.
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Energy ramp

The process of accelerating the LHC beam from the injection energy of 450 GeV up to 6.5 TeV
in collisions takes about 20 min. As the beam energy ramps up, some bunch parameters change
and can potentially influence the accuracy of bunch intensity measurements. Due to the soph-
isticated nature of the LHC acceleration process [77], bunches change their longitudinal shapes,
transverse positions, and profiles. Moreover, the bunch spacing also decreases by around 0.7 ps
leading to the revolution period shortening by some 2.5 ns.

During the beam injection into the LHC, not all particles are captured into RF buckets to
form bunches. These unbunched charges contribute to the DC beam current but are invisible to
bunch intensity monitors such as the FBCT and WCT. The DCCT, sensitive also to unbunched
particles, often reports the total beam intensity higher than the sum of individual bunches. As
the acceleration starts, the LHC beam collimation system removes all unbunched particles from
the machine and only the bunched charges remain circulating.

Since the LHC beams are routinely accelerated, it was not necessary to request a dedicated
beam time to compare the FBCT and WCT measurements to those of the DCCT providing the
absolute reference value of the beam current. A cross-calibration of the three instruments to
report the same reading one second after the beginning of the acceleration process accounted
for the unbunched beam seen by the DCCT prior to the energy ramp.

Figure 4.37 demonstrates an excellent agreement between the DCCT and WCT measure-
ments through the entire acceleration process. Conversely, the FBCT readings quickly deviate
and the monitor underestimates the beam current by approximately 0.25 %. This error originates
most likely in an improper phasing of the analogue integrators, as explained in section 2.3.3.
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Figure 4.37: Beam intensity measured by the DCCT, the FBCT, and the WCT during the energy
ramp-up procedure (LHC fill 4410).
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Chromaticity measurements

In synchrotron particle accelerators, chromaticity links the beam’s transverse oscillation fre-
quency and its momentum. It must be precisely controlled not to amplify any instabilities which
could lead to excessive particle motion and beam loss [78].

In many accelerator facilities, chromaticity is calculated by varying the beam’s energy and
measuring the resulting change in the transverse oscillation frequency. The usually applied
method is a modulation of the RF frequency whilst maintaining constant fields in all magnets.
As a side-effect, the modulation also affects the beam position in the horizontal plane.

In the LHC, chromaticity measurements by RF modulations are routinely performed before
the beam is accelerated. For bunch intensity monitors which are sensitive to the beam position,
one can expect a reduction of accuracy while the RF frequency is being modulated. Therefore,
the author investigated the WCT performance during chromaticity measurements.

Figure 4.38 compares the pilot bunch intensity measurements obtained with the FBCT and
WCT as the 400 MHz RF frequency undergoes a sinusoidal modulation. It’s worth noting for the
bottom subplot that the modulation depth was in the order of 1 x 1077.

The FBCT measurements are clearly correlated with the RF frequency change, which is at
least partially caused by the varying horizontal beam position as explained earlier. On the other
hand, the WCT exhibits no such behaviour, once again demonstrating that the monitor does not
suffer from unwanted sensitivity to the beam position as discussed previously in section 4.3.3.
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Figure 4.38: Beam intensity measured by the FBCT and the WCT during measurements of the
beam chromaticity by modulation of the RF frequency (LHC fill 4038).
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Orbit corrections

Minimising beam position sensitivity of the LHC bunch intensity monitors is important to im-
prove the measurement quality, not only in special accelerator conditions, but also during its
regular operation. Albeit the beam position at the FBCT and WCT typically remains rather
constant throughout the entire accelerator cycle, in some situations it can change. The LHC is
equipped with a sophisticated orbit feedback system, which can autonomously steer the beam to
protect the accelerator from undesired particle losses or preserve luminosity in collisions [79].

Beam position changes induced by the LHC orbit feedback cannot be easily predicted due
to the vast complexity of the system. However, one can later identify them through analysis of
the Beam Position Monitors readings. Figure 4.39 shows a 30 min-long period during which the
beam moved horizontally (H) and vertically (V) by a few hundreds of micrometres. The author
interpolated the beam position at the FBCT and WCT location from measurements of the nearby
BPMs and and offset it to initially equal 0. The correlation between the FBCT measurements
and the transverse beam position is evident and coherent with the values reported earlier in
section 4.3.3. The WCT shows no such dependence, reaffirming the monitor’s insensitivity to
the beam position.
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Figure 4.39: Beam intensity measured by the FBCT and the WCT during the beam orbit correc-
tion procedure (LHC fill 4640).
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BSRT calibration

The LHC is equipped with an array of instruments measuring the transverse distribution of
particles, typically called simply the beam profile. Its continuous monitoring is critical to ensure
the required number of particle collisions as well as for the accelerator’s safety. One of the LHC
beam profile monitors is the Beam Synchrotron Radiation Telescope (BSRT) which intercepts the
synchrotron light emitted when superconducting magnets bend the beam’s trajectory. The BSRT
calibration procedure, done a few times per year, requires transversely displacing the beam to
measure the imaging system’s magnification to convert camera pixel size into physical size at
the object (beam) plane [80]. Since the BSRT is in the vicinity of the FBCT and WCT, the bunch
intensity monitors also see the orbit bumps introduced to calibrate the BSRT.

As demonstrated throughout the chapter, the FBCT is sensitive to variation of the transverse
beam position. This shortcoming manifests itself also during the BSRT calibration procedure
when the beam moves by up to 3mm at the location of the intensity monitors. The bottom
part of Figure 4.40 shows the horizontal (H) and vertical (V) beam position at the location of
the FBCT and WCT during BSRT calibration while the top part shows the intensity of a single
nominal bunch as reported by both monitors. Once again the FBCT measurement is clearly
correlated with the beam position while the WCT shows no such dependence. The observed
beam position sensitivity of the FBCT is in line with the values reported earlier in section 4.3.3.
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Figure 4.40: Beam intensity measured by the FBCT and the WCT during the BSRT calibration
procedure (LHC fill 4513).
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Conclusions and outlook

5.1 Final conclusions

The WCT development took place to address the FBCT performance limitations discovered dur-
ing the LHC Run 1 between 2010 and 2013. The original LHC bunch intensity monitor displayed
an unwanted sensitivity to the transverse beam position and bunch length. Moreover, its output
pulse was too long to fit into a 25 ns integration window required for bunch-by-bunch acquisi-
tion, leading to a non-negligible signal leakage into the subsequent bunch slots.

The WCT relies on a non-intercepting observation of a particle beam which does not disturb
it in any considerable way. Rather than directly coupling to the beam’s electromagnetic field, the
developed WCT uses the image current induced on conductive walls of the LHC vacuum chamber
to monitor bunch intensity. Eight small RF transformers, distributed azimuthally around the
vacuum chamber with a dielectric insert, pick up the image current split into eight branches.
The combination of the transformers’ output signals is proportional to the instantaneous bunch
current while being independent of the transverse beam position. Large ferrite cores and an
RF bypass adjust the sensor’s bandwidth to minimise the error after the signal is integrated
to compute bunch intensity. Before integration, the WCT’s output signal is shaped by custom
designed non-reflective low-pass filters, and a set of amplifiers. The pulse shape and amplitude
are well suited for precise integration over a 25ns window using either analogue integrators
or modern digitizers. The sensor’s mechanical design allowed it to be installed in the location
previously occupied by the FBCT without the need of opening the LHC vacuum chamber.

In parallel to the WCT designed fully at CERN, the industrial supplier who provided the
original FBCTs worked on a new ICT with a low beam position sensitivity and a sufficiently
short output pulse. The author extensively evaluated all three sensors first in laboratory and
subsequently with a particle beam after their installation in the LHC accelerator tunnel.

The conducted tests clearly demonstrated WCT’s superior performance over the other two
devices. The WCT the only tested sensor generating an output signal not exceeding 25ns in
response to a bunch-like excitation. Moreover, unlike the other LHC bunch intensity monitors,
it exhibited no measurable sensitivity to the transverse beam position. The WCT outperformed
the FBCT and ICT also in terms of bandwidth and longitudinal beam-coupling impedance.

Following the successful beam measurement campaign, the WCT quickly superseded the
other two sensors and it became the operational LHC bunch intensity monitor. Devices based
on the same design have since been installed also in the second-largest CERN accelerator, the
SPS. In the future, it is foreseen to replace the remaining LHC extraction lines FBCTs with WCTs
based on the design described in this thesis.

Hence, the WCT described in detail throughout this dissertation fully satisfies the thesis
statement formulated at the end of Chapter 2:
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It is possible to design an electromagnetic sensor based on observation of the image current
induced on the vacuum chamber wall for continuous, precise, and non-intercepting meas-
urements of the LHC bunch intensity within a 25 ns window. The developed sensor can be
compatible with the mechanical and operational constraints imposed by the LHC environ-
ment. It can also generate adequate signals for front-end electronics based on analogue
integrators as well as an upgraded digital sampling acquisition system.

5.2 Applicability to other accelerators

Although the WCT has been optimised for relatively high-intensity proton bunches circulating
in the LHC, one can adapt it to also serve other kinds of accelerators. The step-by-step design
process introduced in Chapter 3 discusses in detail the electrical parameters interdependencies
while Tab. 3.1 summarises the equation required to calculate the values of all components.

Given its small longitudinal beam-coupling impedance, i.e. a low amount of the passing
beam’s energy dissipated as heat, a WCT-like sensor could be potentially interesting for acceler-
ator facilities dealing with high-power beams, such as spallation sources in which high-energy
particles collide with stationary targets to produce a stream of neutrons. Section 4.1.8 demon-
strated that the WCT’s large ferrite cores successfully dampen electromagnetic resonances which
would otherwise build up in the sensor’s electromagnetically transparent body.

Another possible WCT application would be measurements of low-intensity bunches in com-
pact medical accelerators where space is often extremely limited. A significant improvement
of the sensor’s sensitivity, defined in eq. 3.28, requires either reducing the number of RF trans-
formers’ secondary winding turns, or increasing the secondary-side resistance. Unfortunately,
both of these actions deteriorate the monitor’s low cut-off frequency, as shown by eq. 3.21, which
must be taken into account when considering the WCT for low-intensity beams.

5.3 Further study potential

The work presented in this dissertation focused on a sensor optimised for precise bunch intensity
measurements in the LHC. Despite that, the WCT signals are suitable to observe also other beam
parameters, but additional work would be required to quantify the sensor’s performance reach.

Sections 4.1.6 and 4.3.1 demonstrated that the WCT’s output signal is not only short enough
to comfortably fit within a 25 ns window, but it also closely resembles pulses generated by in-
struments optimised for monitoring of the longitudinal bunch profile. Nevertheless, the 10 %
reflection following the WCT output pulse reduces the signal quality. An investigation into its
origin with a particular focus on the internal PCB design is necessary before the WCT could be
considered for longitudinal bunch diagnostics.

The WCT output signal exhibits no sensitivity over the transverse beam position, as demon-
strated multiple times throughout section 4.3. The sensor’s four intermediate outputs, on the
other hand, are strongly correlated with the beam offset which was coarsely quantified in sec-
tion 4.1.5. The WCT could thus serve as an integrated solution for bunch position and intensity
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monitoring whenever splitting these two functions between dedicated instruments is not prac-
tical. This would, however, require a significant front-end electronics modification to process
the four intermediate outputs independently.

The small RF transformers of the WCT are equipped with an additional single-turn winding
to calibrate the monitor with an external current pulse. The thesis author developed a proof-
of-principle precise pulsed current source [81] but additional work is needed before the circuit
can be used in regular LHC operation.
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