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Abstract

This thesis aims at giving a rough estimation of the photon rates and with that
the ratio of signal to background radiation on the Beam Gas Curtain’s camera,
an instrument to measure the concentricity and position of the Hollow Electron
lens’s electron beam relative to the LHC’s proton beam, by imaging photons from

the spontaneous emission of a neon gas jet, crossing the particle beams.

The Monte Carlo simulation software MolFlow+ and SynRad-+ were used to simu-
late the photons resulting out of the beam-gas interactions, the thermal radiation
from the electron gun cathode as well as the synchrotron radiation from the bent

proton beam.

The results show a high amount of synchrotron radiation in comparison to the sig-
nal originating out of the spontaneous emission of the gas jet, which can threaten
the functionality of the BGC and a negligible amount of thermal radiation. At
the same time they reveal possibilities for further investigations and improvements
to the BGC’s design, most importantly, a mask to shield the camera from back-
ground radiation.

The main uncertainty of the results lies within the rough approximation of various

simulation parameters, as no measured data was available.
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1 Introduction

Particle accelerators are key tools in researching fundamental physics and the develop-
ment of more advanced accelerators leads to new discoveries, while pushing the bound-
aries of technology. The biggest and most powerful particle accelerator in the world is
the [Large Hadron Collider| (LHC) at CERN [1]. As part of the High-Luminosity up-

grade, which will improve its performance, the collimation system will be supplemented

to control halo protons, by passing a hollow electron beam, concentrically around the
LHC’s proton beam over the course of a few meters [2]. To monitor the transverse cross
section of the beams and with that their position as well as concentricity relative to
each other, the Beam Gas Curtain instrument is used, which images photons, generated
by the interaction of the particle beams and a neon gas jet, transversely crossing the

beams [2].

Next to the photons generated by the particle-gas interaction representing the signal,
synchrotron radiation from the bend proton beam and thermal radiation originating
from an electron-gun cathode, are reflected into the monitors camera, disturbing the
measurement. Therefore, an approximation of their magnitude and the ratio of signal
to background radiation must be made, identifying potential threats to the functional-
ity of the monitor, while at the same time show possibilities for improving the current
design.

This estimation is important, as it creates the opportunity to identify and investigate
problems before they arise during measurements and improvements can be made during
an earlier design stage of the instrument.

The tool used to calculate the photon rates at the monitor’s camera are Monte Carlo
simulations, which require a simulation geometry, information about the amount of
emitted photons per second and reflective properties of the materials exposed to the
radiation.

Due to the lack of measurements regarding simulation properties, rough estimations

have to be made, which result in an accuracy in the range of orders of magnitude.

This thesis shows the process of simulating the different light sources along the follow-
ing structure:
First, a foundation to understand the working principles and relations between the in-

volved instruments and machines is built. Afterwards, the phenomenons resulting in



the emission of light picked up by the camera are explained and an introduction to the
software used for the simulations is made.

The successive sections, each present the simulation of a light source in the system,
from building the simulation geometry, to estimating the simulation properties.
Finally, the simulation results are presented, before a discussion of limitations, errors
and recommendations is made, leading to the conclusion, which summarizes the find-

ings.

2 Theoretical background

In the upcoming sections, information about fundamental aspects of the project will be

presented, following these main topics:

e Basic overview over the High-Luminosity Large Hadron Collider upgrade and the

involved instruments.
e Principles of photon emission relevant for the simulations.

e The software used in this project.

2.1 Large Hadron Collider

Particle accelerators are crucial to research in fundamental physics. By colliding or
annihilating particles, physicists are able to gain insight to the structure and properties
of the building blocks of matter and the forces that act upon them. With increasing
collision energy, hard to obtain effects can be observed; therefore building more power-

ful accelerators is bound to progress in fundamental physics [3].

The [Large Hadron Collider] (LHC]) accelerates protondl} as well as heavy ions and is

with 26.7 km circumference and a maximum center-of-mass collision energy of 14 TeV
the biggest and most powerful particle accelerator in the world. The ring has eight
straight sections called insertion regions (Figure , which alternate with curved
sections, containing superconducting dipole magnets to alter the beams trajectory and

keep it on the curved path. |1, |4]

'Due to the focus on protons in this thesis, they will exclusively be referred to in the following.
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Figure 1: Large Hadron Collider schematic layout, modified based on Figure 1 of [4].

The protons are pre-accelerated in the injector chain of [CERN[s complex, consistently
gathering energy in a series of lower energy accelerators. After injection into the [LHC]
two proton beams are stored in separate, evacuated beam lines; one turning clockwise
(beam 1) and the other one counterclockwise (beam 2). Four of the long straight sec-
tions house instruments like the radio frequency cavities, which accelerate the protons
to the desired energy, collimator systems that clean the beam to ensure safety by remov-
ing particles that stray from the nominal trajectory and a dump region, that removes
the beam in case abnormal conditions are detected. [4]

In the remaining four insertion regions, at the main experiments of the the highly

focused proton beams are brought into collision. The two general-purpose detectors

|Compact Muon Solenoid| (CMS)) and ATLAS are measuring the collision debris in form

of newly generated particles and photons. They consist of several concentric layers
of detectors, each optimized for a different kind of measurement to record trajectory,

momentum and energy of almost every particle formed. [5, 6]

The [ALICE| (A Large Ion Collider Experiment]) detector is specialized on collisions

of lead-ions and studies the properties of a phase with extreme energy density called

quark-gluon-plasma. [7|

The |Large Hadron Collider beauty| (LHCb|) experiment is comparing the decays of

beauty-quarks and their antimatter counterparts, to find asymmetries and therefore



gain insight on the imbalance, regarding the amount of matter and antimatter in our

universe. |8]

The most relevant contribution to fundamental physics of the is the observation
of the Higgs boson in the ATLAS and [CMS]| detectors in 2012. It is a particle predicted
by the standard model| and a manifestation of the Brout-Englert-Higgs mechanism;
a theory which “contributes to the understanding of the origin of mass of subatomic

particles” [10].

2.1.1 High-Luminosity Large Hadron Collider

In 2013 the CERN council stated “the exploitation of the full potential of the LHC]" [11]
as the top priority of the European strategy for particle physics. Part of this process
is the High-Luminosity upgrade (HL-LHC)), allowing further studies of the Higgs
boson and physics beyond the standard model [11].

All of the equipment needed for the High-Luminosity upgrade will be installed during
the long shutdown 3, between 2025 and mid-2027, before the HL-LHC will be opera-
tional at the end of 2027 [12].

Luminosity is a key performance indicator of a particle accelerator, since it determines
the collision rate. It can be expressed as the proportionality factor between the events
per second dN/dt and the interaction cross section| o [13]

AN
“Y .
dt g

With L in m™2s™ .

In a particle accelerator the probability of observing a process of interest is small and
an increase in both peak- and integrated luminosityf] is desirable, since the detectors
are able to gain more data.

The goal of the [HL-LHC| upgrade is an increase of the instantaneous collision rate by

2A theory developed in the early 1970’s, which encapsulates the relations of fundamental particles and
the forces that govern them [9).

3 A measurement of the probability a specific event will occur, in this case a proton-proton collision.

4The integral of the luminosity with respect to time.



a factor of 5 and an integrated luminosity gain by a factor of 10 (both with respect to
the nominal design values). To meet these goals, the proton beam needs to carry
more current and be more focused than in the current system. [14]

Hollow Electron Lens (HEL)

As the number of protons stored in the beam rises with the High-Luminosity upgrade,
additional precautions have to be taken to ensure the LHC’s safety, since tiny fractions
of the stored beam are enough to destroy parts of the accelerator or quenchﬂ the super-

conducting magnets. This includes supplementing the existing collimation system with

the [Hollow Electron Lens| (IR4); an instrument to handle beam tails and halo protons
(Figure [2) in a more controlled way.

Y

Core ‘ Tail

Figure 2: Schematics of the proton beam’s transverse profile.

The collimators currently installed in the [LHC| use a three stage system of ring jaws,
which define aperture restrictions for the beam and intercept particles on large ampli-
tude trajectories.

The [Hollow Electron Lens| (HEL) uses a pulsed electron beam with a hollow current-
density profile, which opposes the proton beam and encapsulates it (Figure [3) over the

course of a few meters. If the distribution of the electrons is radially symmetrical, the
core of the proton beam is unperturbed and only the outer particles receive a non-linear
transverse kick due to the opposing electrical charges of the beams, sending the halo

protons into the collimators for absorption (Figure (4)).

5The transition of a superconducting magnet into a resistive state during operation \\



PROTON BEAM CORE

Figure 3: Position of electron lens (orange) and proton beam core (blue) relative to
each other. Redrawn from [17].

primary  secondary shower
collimator collimator absorbers

primary / >

beam hﬂ/

circulating beam

Figure 4: Schematics of halo control with the |H0110W Electron Lens| .

Tuning the parameters of the electron beam allows a smooth and adjustable depletion
of halo protons, while reducing the impedanceﬁ as well as loss spikes and decreasing the
probability of accidental beam dump.

The electron lens is generated in the electron gun, equipped with a thermionic cath-
ode made out of tungsten and surrounded by two gun solenoids, used to regulate the
compression and the path of the electrons. After acceleration towards the anode in
an electric field, the path of the electron lens is bent by the superconducting bending

solenoid, injecting it into the [LHC| beam pipe. The superconducting main solenoids

Interaction between proton beam and vacuum chamber surroundings via electro-magnetic fields .
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guide the electrons and ensure an overlap of about 3 meters, before the electron lens is
ejected from the beam pipe and absorbed by the collector (Figure . |16} [20]

Beam Gas Curtain (BGC)
The [Beam Gas Curtain| (BGC]) is a beam profile monitor, to be installed between the
two main solenoid cryostats of the [Hollow Electron Leng (Figure [5). It allows the

observation of the proton beam’s and electron lens’s transverse cross section as well
as their concentricity during operation of the [LHC| by imaging photons, which are
generated by the interaction of the particle beams and a thin, supersonic neon gas jet
(tilted 45° with respect to the beam axis). [2]

The BGC monitor is designed to be minimally invasive with no wearing parts like wires
or screens and take measurements in close proximity to the strong magnetic fields of

the solenoids [21].

It contains the following main components (Figure [6) [2]:

e Gas generation stage:

A nozzle, followed by skimmers to select and shape the gas jet.

e Interaction chamber:

Interaction point between the particle beams and the gas jet.

e Exhaust chamber:

Pumps residual gas jet and contains diagnostic tools.

e Optical system:
Processes photons and generates the image of the proton beam’s and electron

lens’s transverse cross section.

After passing a 25 mm & iris, the emitted photons are refracted by a lens system and
focused onto the photocathode of an image intensifier where the signal is amplified,
before it is picked up by a CMOS camera. This way the setup is able to detect single
photons with a quantum efﬁciencyﬂ of about 10 % at the wavelength of interest, which

is set by a filter between the lens system and the image intensifier. [23)|

TRatio of emitted electrons of photocathode to incident photons on it |22].
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2.2 Excitation of atoms and spontaneous emission of light

To understand and calculate the properties of matter on atomic scale, different models
representing the atoms real behavior have been developed. The Bohr modelf|considered
a quantum physical approach, thus explaining the hydrogen atom’s quantized absorp-
tion and emission of electromagnetic radiation [24]. Although there are modern models
superior to it, the simplicity and accurate results for selected systems like the hydrogen

atom justify taking a closer look at it.

According to the first of two postulates Bohr proposed, electrons are only allowed to
orbit the nucleus at discrete distances where their angular momentum is an integer
multiple of the reduced Planck constant.

With the second postulate Bohr claimed that every orbit corresponds to an energy
state and the transition from an orbit further away from the nucleus to a closer one is
connected to the emission of a photon. Further, the photons energy FE,, is quantized

and dependent on the energy difference of the two involved states: |24} 25]
Ep=FE,—E,=hv with m >n

Where E,, is the photons energy, £, the higher states energy, F, the lower states

energy, h Planck’s constant and v the photons frequency.

The lowest energy level of an atom is called the ground state. In order to put it in
an excited state, where an electron is in a higher orbit, there has to be some energy
transfer to it. This can be achieved in different ways, for example by the absorption
of electro-magnetic radiation or an inelastic collision [26]. Since the ground state is
the most desirable, after a certain lifetime the electron transitions back without any

external influence. This process is called spontaneous emission.

2.3 Thermal radiation

As a consequence of the third law of thermodynamics, a temperature of absolute zero
is unattainable [27]. Since temperature is a measurement of kinetic energy, the atoms

or molecules of a body are always in random motion. This movement includes charged

8Developed 1913 by Niels Bohr, basing on a model presented by Ernest Rutherford in 1911.



particles and their acceleration leads to the emission of electromagnetic waves, known
as thermal radiation. Its power is dependent on the bodies’ temperature, surface and

wavelength of emission. [28|
An idealized body, which has the highest spectral radiance and absorbs all incoming

radiation, independent from the wavelength and transforms it into heat, is called a

black body. [29]

As a form of Planck’s law, the spectral emittance of a black body is describing its

emitted power per surface area and wavelength:

2whc? 1

h
A5 exiT — 1

M7 (N T) = (1)

Where h is Planck’s constant, c the speed of light, A the wavelength of emission, k Boltz-

mann’s constant and T’ the bodies’ temperature. The unit of M?, is Js™'m2m™".

When plotting the spectral emittance against the wavelength, the emitted spectrum of
black body radiation is displayed (Figure [7)). [30]

15,000
2 — T =1000K
= T = 875K
= _ — T =1750K
g7 10,000 -
[«b]
=
= X
= o
B
= = 5,000
g
o,
(@]

0

0 1 2 3 4 d 6 7 8 9 10
Wavelength [pm]

Figure 7. Example of temperature dependent spectrum of black body radiation.

The emissivity ¢ and absorptivity « are describing the efficiency of emitting () and
absorbing (a) radiation. For a black body in thermal equilibrium, they are defined as

1. [29]
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A real body only emits part of the black bodies’ power and the spectral emissivity e,
can be calculated as the ratio of its spectral emittance (M, ) to the one of a black body

(M?,) at the same temperature: [31]

a MSAO"T) (2)

2.4 Synchrotron radiation

A charged particle has an electric field surrounding it, with field lines pointing radially
towards it (exemplary for negative charge). If the particle is at rest, so is the electric
field; the same principle applies for a charged particle in uniform motion. When the
charge is accelerated, the information about the change of electric field travels with
the speed of light. The field lines close to the source are pointing towards it, but field
lines far away still point to the position it was in before acceleration. Consequently,
there has to be a regime, where the electric field lines are distorted and this distortion is

traveling with the speed of light and can be measured as electromagnetic radiation. [32]

The transverse acceleration in bending magnets of circular particle accelerators leads
to emission of electromagnetic waves, which is called synchrotron radiation . Its
properties are governed by the relativistic nature of the stored particles. The magni-
tude is proportional to the particle’s charge, acceleration and relativistic factor v, which
is a function of the particle’s velocity. Synchrotron radiation is collimated within an
angle of 1/~ and emitted tangentially from any point of the curved path. The light is
highly polarized in the direction normal (o) and parallel (7) to the magnetic field of
the bending magnets and its broad spectrum is dependent on the particle’s energy and
bending radius. [33, 34]

2.5 MolFlow+}

If not stated otherwise, the information in the following paragraph and section is

derived from MolFlow+’s documentation [35].

MolFlow+ is a simulation software that was originally developed in the 1990’s at CERN

to simulate pressure profiles and conductances in an ultra-high vacuum environment,

11



where the condition of free molecular flow is met. It is based on the Monte Carlo
methodﬂ; a numerical approach, often used for problems that are difficult or impossible
to solve analytically.

MolFlow+ launches a certain amount of independent test particles into the system,
representing a larger amount of physical ones. The quantities derived from the test
particle simulations behave linear and are later scaled up to match the numbers of the

physical system.

The following sections will give an introduction into the working principle of MolFlow—+
as a vacuum simulation software by guiding you through the cycle of a test particle,
explaining selected tools of MolFlow+ as well as addressing the differences between

vacuum and light simulations.

2.5.1 Steady-state algorithm

Next to steady-state simulations, where properties like influx rate of gas particles,
pumping speed and therefore pressure in the system stay constant, MolFlow+ is able
to do time dependent simulations.

The former are used in this project; therefore, further explanations of their working

principle will follow, with exception of details only relevant for vacuum simulations.

Facets

The geometric boundaries representing the vacuum system are given by two-dimensional
polygons called facets (Figure . They are one-sided (if not stated otherwise), thereby
only registering hits when a particle arrives from the side the normal vector of the
facet points to. A facet has vertices where the edges of the polygon meet and an own
local coordinate system. Its u-vector is by default aligned with the longest side of the

polygon; the v-vector is orthogonal to it. Both lie in the plane of the facet.

9%4[S]tochastic simulations |...], that incorporate random variability into the model.” |36]
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Figure 8: A polygonal facet in MolFlow+ with its vertices (yellow) as well as normal-,
u- and v-vector. Tilted view to include normal vector.

Particle generation
MolFlow+ inserts particles into the model via desorbing facets. With the help of the
ideal gas equation, the influx rate of physical particles dN,.q/dt is calculated through

an outgassing parameter Q [mbar1s™!], which is set by the user:

pV = NywkT (3a)
dNreal Q

= = 3b

dt k (3b)

Where T is the temperature of the facet, which represents the gas source and £ is

Boltzmann’s constant.

The probability of a source facet being selected for desorption is proportional to its
influx rate derived above. The position on the facets surface is randomly chosen in a

uniform distribution.

Even for low outgassing rates the amount of desorbed particles would be too high to
simulate all of them. For that reason one virtual test particle represents a quantity of

real particles per second according to the following equation:

S dN,eq/dt

virtual Nvirtual

Where 3 dN,eq/dt is the sum of influx rates of all desorbing facets and Ny is the

number of desorbed virtual test particles.
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Particle direction

When a particle is generated or reflected off of a wall the direction vector must be
determined. In a real system a particle hitting a surface is physi- or chemisorbed by
the surface and stays bound to it for a sojourn time. When desorbed again the particle
is not affected by its initial momentum anymore and the direction of desorption follows
Knudsen’s cosine law, where dn is the probability of a particle leaving the surface in
solid angle dw:

dn = dw 7 cos(0)

With 6 describing the elevation angle between the particle’s direction vector and the

facets normal, generated by the following equation:

0 = arcsin(vVrnd)

Where rnd is a random value between 0 and 1.

The azimuth angle ¢ describes the angle between the particle’s direction vector and the

facets u-vector, lies in the surface’s plane and is a random value between 0 and 27.

Particle speed

The steady-state mode is based on the state of equilibrium, where the amount of par-
ticles in the system stays constant and time is defined over the particle influx rate
ANyeqr/dt.

Keeping track of particle speeds opens up the possibility to calculate the pressure on a
facet based on the particle momentum change. But quantities bound to the momentum
of particles are irrelevant in light simulations; therefore, particle speed will not be

further examined.

Collision location

The mean free path of a particle describes the distance it travels before an interparticle
collision changes its properties like direction or energy. With decreasing particle density
the mean free path increases and at some point reaches a regime, called free molecular

flow, where particle collisions can be neglected.
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By omitting interparticle collisions the only obstacles for a particle are the facets,
representing the physical boundaries of the system. Therefore, the ray tracing algorithm
only checks for collisions with the facets and chooses the one with the shortest path as

the next collision location.

Particle - facet interaction

Particles enter the system via desorbing facets and leave it through pumping facets,
which are given a sticking factor s. This property is a value between 0 and 1, de-
scribing the probability of an incoming particle being absorbed. Every time a particle
collides with a facet, a random number is generated and compared to the facet’s stick-
ing factor. If the number is smaller than s, the particle is removed and a new one is
generated at a source facet. If it is bigger than s, the particle is desorbed again with a
new direction.

An exception to this reflection mechanism is the Low-flux mode; a further explanation
can be found in section

In both cases presented above the interaction of a particle and a facet is registered as
a hit. Every facet counts hits to calculate different properties like pressure, particle
density or impingement rate. As already discussed, quantities bound to the particle
speed will be disregarded; therefore, the impingement rate z, expressing the amount of

particles hitting a facet f per second and surface area, will exclusively be described.

P de,real l _ Nf’Hit K#?fal (4)
a A A

Where Ny g is the number of test particle hits at the facet f and A the facet’s surface
area.
2.5.2 Using MolFlow-+ for light simulations

Due to the disregard of interparticle collisions and the irrelevance of particle speeds for
the calculation of the impingement rate, MolFlow-+ is able to simulate photons.
The sticking factor s can be seen as the absorption coefficient; consequently, the re-

flectance R of a material can be expressed as follows:

R=1-s (5)
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A difference in simulating particles and photons is their reflection behavior. While
particles are desorbed in a cosine distribution, photons can be reflected in two different

ways:

e Specular:
Mirror like reflection, where the photon’s incident direction is mirrored with re-

spect to the facets surface.

e Diffuse:
Reflection in many different directions, due to material properties like surface

roughness. In MolFlow+ diffuse reflected photons follow Knudsen’s cosine law.

The ratio of specular and diffuse reflection can be set by the user.

2.5.3 Profiles and textured facets

As stated in [2.5.1] every facet has an own local coordinate system. A profile splits this
facet in 100 slices along its u-vector and samples quantities like impingement rate for
each slice. The results can be plotted and show a physical quantity along the facets
u-axis.

By splitting the facet into cells along the u- and v-vector, MolFlow+ can sample the
impingement rate for every cell.

The results can be visualized with a linear as well as logarithmic color scale or read
numerically with the “Texture Plotter” tool.

Profiles and textured facets are important tools for diagnostic purposes.

2.5.4 Structures

Since the ray tracing algorithm checks for collisions with every polygon, the simulation
time decreases with an increasing number of facets. MolFlow+ is able to divide the
model into several structures, which are connected by link facets. The ray tracing
algorithm only checks for collisions within the structure the photon was emitted in.
Provided a particle crosses a link facet, the algorithm continues to search for collisions
within the newly entered structure. That way the amount of facets, which have to be

checked for collisions is reduced; generally resulting in faster simulation times.
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2.5.5 Iterative Simulations

Especially in light simulations, where almost every facet has a sticking factor, the
gradient of impingement rate throughout the model can be fairly high. If the difference
in the impingement rate from point A to B is for example 5 orders of magnitude,
statistically, 100,000 test particles have to be injected at A, before 1 reaches point B.
To save simulation time a second simulation can be launched, emitting directly from
point B.

To do so, there has to be one facet in simulation one, recording information about the

amount of photons per second at B and their distribution.

Scaled emission rate
To emit the right amount of photons per second at point B, the emission rate has to

be scaled accordingly.

stcaled . dNreal NHits

dt dt Nvirtual (6)

Where dN,eq/dt is the emission rate of the source facet at point A, Nyjua is the
number of virtual test photons emitted in the first simulation and Ny is the number

of hits at the future source facet of the iterative simulation at point B.

Angle maps

To keep track of the angular distribution at point B, MolFlow+ can record elevation
angle # and azimuth angle ¢ of incoming photons. They are stored in an array called
“Angle map”, where ¢ and ¢ are sampled as bins. The resolution and therefore the

amount of bins is set by the user.

2.5.6 Low-flux mode

Another method to gain more data on regions with a low impingement rate is the low-
flux mode. Instead of eliminating photons at collisions with partially sticking facets,
they will always be reflected and their represented photon flux Fj, reduced according
to the reflectance R.

Four = R - Fiy,
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After reflection, the photon’s reflected flux F,; is its new flux Fj, for the next collision.

The rest of the incoming flux is registered as absorbed by the facet of reflection.
Fabsorbed = (1 - R) : E

In case of a low-flux simulation, next to the normal Monte Carlo hits MolFlow+ also
counts the equivalent hits, describing the amount of hits a facet would receive without

enabled low-flux mode. The value is calculated as the sum of Fj,.

A photon will finally be removed, if the ratio of reduced flux (after multiple reflections)

to original flux dN, ., /dt falls below a cutoff ratio, defined by the user.

2.6 SynRad+

SynRad+ is a software to simulate synchrotron radiation, based on the code of MolFlow+-.
Therefore, a lot of tools as well as the ray tracing engine work similar, though the gen-
eration of photons is quite different. In the following sections, the working principle
and selected tools of SynRad+, relevant for the simulations in this project, will be
explained. For simplicity, details about the calculations behind the generation of test

photons will be left out.

The information in the following sections is derived from SynRad-+’s documentation

[37], where more explanations can be found.

2.6.1 Particle generation

To generate photons of a magnetic region, which causes the acceleration of the
charged particles, has to be defined. In this case, the source of synchrotron radiation is
restricted to dipole magnets, therefore the magnetic field inside the region is constant.
The beam is considered as a succession of tiny dipoles with the step length dl. For
each of these trajectory points the location, curvature and beam direction is calculated,
according to the magnetic region. Additionally beam width and divergence is taken

into account, in case of a not ideal beam.
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For emission of a test photon one trajectory point is chosen randomly. The energy
is calculated through a reverse interpolation of a cumulative distribution function, ob-
tained out of the [SR|spectrum. Vertical and horizontal angle of emission are calculated,

then offset by a Gaussian-distribution to account for the divergence.

2.6.2 Photon reflection

In SynRad+ the reflectance R is dependent on the photon’s energy and incident angle.
To obtain the reflectance the Fresnel formulas were used, after calculation of the re-
fractive index from the atomic scattering factor [37]. With this approach an energy
and incident angle dependent reflectance library of common materials was included in
SynRad+.

The probability that a reflection is specular is given by the Debye-Waller factor, which
is dependent on the photons elevation angle, wavelength and the facet’s root mean
square surface roughness.

The diffuse part of reflection was modeled in a different way compared to MolFlow—+.
Since the computational resources necessary to precisely calculate the scattered angles
would be too high, an analytic approximation of scattered elevation angle df = 6,,;, — 0,
and the scattered azimuth angle ¢ has been made. Their distribution in the 6,,,-¢-plane
can be described as Gaussian-like, where the width is dependent on the incident angle
and roughness ratio.

The roughness ratio is a geometric parameter set by the user, describing the ratio
of root-mean-square surface roughness to auto correlation length®} The higher the
roughness and with that the roughness ratio, the wider the Gaussian perturbations of
0 and ¢.

2.6.3 Test photons representation of synchrotron radiation flux

Similar to MolFlow+, SynRad+ uses a steady-state algorithm and test photons repre-
sent a number of real photons per second.

For the calculation of that ratio three parameters are needed:

104/ Alverage distance between consecutive hills or valleys on the surface” [38].
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flux of a full revolution

The synchrotron radiation flux of a full revolution:

Frai rev =4.131-10" ~ I

Where 7 is the relativistic factor and I is the beam current.

Revolution ratio

The ratio, describing how much every step dl represents of the full revolution:

rev_ratio=dl/(2pm)

Where p is the local radius of curvature.

Number of scans

When a photon has been emitted once from every trajectory point, a full scan is reached.
Since the probability of emitting a photon is equal for every trajectory point, in statis-
tical terms we can express a full scan as having an equal amount of test photons and

trajectory points. Therefore, we can define the number of scans as follows:

Nvirtual

Nscans =

Ntrajectory_points

With these three properties SynRad-+’s factor of a virtual photon representing real

photon flux can be described:

rev_ratio - Fryy re
K real —

virtual NSC(ITLS

2.7 OpticsBuilder

The OpticsBuilder is a tool to generate 3D geometries and magnetic regions for Syn-
Rad-, by defining a list of accelerator parts and their properties.

The elements positions are defined with a coordinate s, resembling the length along the
optimal beam path and an orientation 6 describing the beam’s tangent vector. Each
element has a starting point, a length and an aperture (rectangle, circle or racetrack).

Additionally, parameters for defining magnetic regions can be incorporated. These pa-
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rameters can be inserted manually or read out of a TWISS file, containing information
about the dipole bending angle as well as the lattice functions, which describe the beam
optics. To calculate the TWISS file a program called MAD-X uses a sequence (ordered

collection of machine elements) and the beam properties as input. [39, 40|

3 Simulation of spontaneous emission of neon gas jet

In this section the simulation of spontaneous emission (SE|), resulting out of the inelastic

collision of proton and electron particle beams with neon gas atoms, is presented.

3.1 Geometry

The simulation geometry can be obtained in different ways:

e Importing a[STereoLitography] (STL)[]file from a[Computer-Aided Design| (CAD]
software into MolFlow+, then collapsingff] it.

e Building a simulation geometry with the tools of MolFlow.

The model is restricted to parts of the BGC system, since the spontaneous emission is
spatially limited to the collision point of particles and gas atoms. Hereafter the term

“BGC” refers to the simulation geometry and includes the following parts (Figure @:

Interaction chamber

Partially amorphous carbon (AC) coated (highlighted part in Figure to enhance
stray light absorption; houses the radio frequency liner as well as the camera
background shield.

Radio frequency liner

Perforated copper pipe with AC-coated inside, ensuring low beam impedance (Figure

).

Camera background shield

Polyteknik coated shield [41], to serve as a black background for image taking.

HFile format that represents a bodies’ surface as a number of triangular facets.
12 Automatically merge vertices with the same coordinates, coplanar facets (if adjacent and with same
properties) and contentious edges in MolFlow+-.
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Camera arm
Connection between interaction chamber and camera system, consisting of black a PVC

bellow and lens tubing, which holds the lens system. The vacuum system is closed with

a view-port at the foot of the camera arm.

-~ - --- Lens plane - - ---- e

| Lens tubing | q

Interaction
chamber

Q -

Camera

background shield Source facet

RF Liner

Figure 9: MolFlow+ model of BGC. On the left side the particle beams are going into
the plane of the drawing, the right side is rotated 90°. Vacuum pump port under the
camera background shield is cut for labeling purposes.

Figure 10: BGC interaction chamber with AC-coating on highlighted parts.

3.1.1 Simplifications

When setting up a simulation geometry, the most intuitive step might be to insert
the whole CAD model as a STL file. Unfortunately, this results in a lot of facets,
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which has negative effects on simulation time. Therefore, a model has to be simplified,
which includes finding a compromise between representing the real system and gaining

simulation speed.

Interaction chamber and camera arm

The template for building the simulation geometry is given by a CAD file containing
the HEL test stand, since it was the latest model of the BGC available. First, the
interaction chamber is cut to a length of 200 mm so it fits between the main cryostats
of the HEL, then the inner facets are exported and finally measurements of the camera
arm are taken to rebuild it in MolFlow+.

The only areas needing simplifications are small features like screw heads, holes, small
steps or rounded corners. Since they are not playing a decisive role in the behavior
of the system but can use an extensive amount of facets (Figure they have to be

simplified. Deleting these features is in general a sufficient method to simplify the model.

(a) Not simplified: 388 (b) Simplified: 72 (c) Simplified & collapsed: 21

Figure 11: Comparing the number of facets of the camera background shield in different
stages of simplification.

Radio frequency liner
The simplification of the RF liner is more complex.
It is positioned inside of the BGC’s interaction chamber (Figure @ and the camera

observes the particle-gas interaction through one of the holes in the center of the liner

(Figure [12).
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BGC camera
Electron beam l Proton beam

Gas jet

Figure 12: RF liner out of the HEL test stand with direction of electron beam, proton
beam, the camera system’s optical axis and the gas jet (going into the plane of the
drawing). The green lines represent the cuts to shorten the liner, the blue lines indicate
the sectioning into three parts, necessary for simplification.

A major difference between the test stand Beam Gas Curtain monitor and the one for
the HEL is the diameter of the beam pipes. Thus, the 80 mm diameter test stand liner
has to be scaled to 60 mm.

Further, the structure was converted into a cylinder with no wall thickness. To repre-
sent the holes, a facet property called “opacity” is used. It is a value between 0 and
1, regulating the transmittance of a facet. An opacity of 0.8 results in reflection or

absorption of 80 % of the incoming photons and transmission of 20 %.

As a first step the liner was cut to a length of 200 mm, then divided into three parts
(center and two side parts); the position of cuts is marked in Figure As the direct
path of light from the source to the camera is going through the center part of the liner
it is critical for the following simulations and the pattern of holes was projected onto
the cylinder without wall thickness.

For the side parts, the opacity was set according to an approximation of the probability

that a photon will completely transmit through one of the holes:

R&ritotal = Pt'riarea : —Ptrihole

Where P, 4req 1s a geometric factor describing the surface area ratio of holes to full
cylinder with the same dimensions and P, jq. is a factor accounting for the reflection

and absorption inside of a hole.
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To obtain the latter property a simulation was made, comparing the amount of photons
going in and out of a hole.

As the liner has holes in three different sizes, each of them are simulated and the average
transmission probability used in (7).

The top and bottom of the hole represent the inside and outside area of the liner. Both
have a sticking factor of 1, allowing photons to leave the hole for transmission and
reflection back to the origin; only one side is emitting.

The side of the hole, representing the copper material, is assigned a sticking factor
according to the reflectance of copper and a ratio of specular and diffuse reflection
(values in Table [2] section [3.2.2).

After emission of more than 3 billion test particles per hole, the simulation was stopped

and analyzed:

Ptr_total = Ptr_area : F)tr_hole
~ 0.272 - 0.815 (7)
~ 0.222

By subtracting the total transmission probability from 1, the opacity of the side parts
is calculated as 0.778.

As mentioned above, the liner inside is AC-coated, meaning that the reflectance of the
inside is not the same as for the outside, but even a two-sided facet is not able to
represent multiple materials. To resolve this problem the facet’s property of being one
sided is used, where photons can only interact with the facet from the side its normal
vector points to.

In order to model the different materials the simplified liner is inserted twice. One time
the facets normal vectors are pointing inwards, one time outwards. This way each side

can obtain an independent reflectance (Figure [13]).
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Figure 13: Simplified copper liner with AC-coated inside in MolFlow+.

3.1.2 Source facet

In this case the source facet has to cover the area of particle-gas interaction. Since the
majority of photons is emitted by the interaction with the electron lens (Equation@, all
photons are emitted from a single facet, which represents the electron lens’s projection
onto the tilted gas jet.

This results in an elliptical shape, which shorter axis is with 9 mm as wide as the
electron lens and due to the 45° tilt of the gas jet the longer axis of the ellipse has a
length of about 12.73 mm.

3.2 Simulation

This section will present the necessary simulation properties and their calculation as

well as the method on how to obtain the photon rate of emission.
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3.2.1 Emission

The rate of spontaneous emitted photons Z, sp.n: can be calculated with the values in
Table [l and the following equation:

Ze,spantzl'q_l'd’p'o- (8)

In the Milestone Report 1.1 [43] the excitation cross sections of relativistic protons and
non relativistic electrons with the neon gas jet were estimated. These approximations
are the base of the following calculations, since no experimental data is available yet.
The cross section is dependent on the involved atomic energy states and in this case
estimated for the 2p; — 1s, transition of neon, resulting in the emission of photons
with a wavelength of 585 nm [43].

If not stated otherwise the values in Table [1| are taken from this report.

Table 1: Quantities and values to calculate the photon rate of spontaneous emission.

Quantity Description Value for protons | Value for electrons
I Beam current 1.09 A [44] 5.2 A [45)
q Particle charge 1.6-10719C 1.6-1071C
d Gas jet thickness 5-107*m 5-107*m
p Gas jet density 2.5-10 m3 2.5-101 m3
o Excitation cross section 4.7-10726 m3 1.4-107% m?

Since the emitted photon rate differs for the proton and electron beam they have to be

added to attain the total emitted photon rate Z. spont:
Ze,spont = Zp + Ze

~4-10°s71 +5.68-10% 57! (9)
~5.72-10% 57!
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As stated in (3b]) the influx rate of real particles or photons dN,.q/dt is determined
by the outgassing parameter (). To emit photons at the rate of spontaneous emission
calculated above, the outgassing parameter of the source facet Qgpon: has to be set

accordingly:

dNreal
Qspont - dt

~ 5.72-10%s71 - 1.38-107B JK~! - 293.15 K
~2.32.107 2 Pam?s!
~ 2.32-10 " mbarls~!

kT

To achieve spherical emission, the source facet must be two-sided and the distribution

of emission has to be set to uniform.

3.2.2 Materials and reflectivities

To model the different materials of the BGC components, the facets need to have
sticking factors and a ratio of specular and diffuse reflection.
The materials and their reflection properties will shortly be presented in Table [} further

information and references are provided in [A.T]

Table 2: BGC components with their materials as well as reflection properties.

Name Material Reflectance | Specular | Diffuse
Lens tubing | Black anodized aluminum 1% 90 % 10 %
Bellow Black PVC 10 % 80 % 20 %
Interaction Stainless steel 62.5 % 92.8 % 72 %
chamber AC-coated 135 % 80 % 20 %
RE liner Inside: AC-coated 13.5 % 80 % 20 %
Outide: Copper 61 % 80 % 20 %
Shield Polyteknik coated 0.2 % 80 % 20 %
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3.2.3 Measurement of photon rate

Due to the low reflectance of the materials in the camera arm, most of the photons
reaching the lens planelT_gl (Figure @ have an elevation angle smaller than 11° (Figure
14a)).

0.3
w0
gﬁ
o
2% 02|
-
=
5 01
T2
=
—
O\\\l\ T T T T T T T !

0 10 20 30 40 20 60 70 80 90
Elevation angle 6 [deg|

(a) Angular profile of incident photons at the lens plane (normalized).
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(b) Angular profile of incident photons hitting the lens plane directly (re-normalized).

Figure 14: Angular profile of incident photons at the lens plane, emitted by the gas
jet’s spontaneous emission.

For that reason the lens system is not accounted for, but it is estimated that the ma-
jority of photons reaching the lens plane will be bend onto the photocathode. This way

the measurement at the lens plane represents the photon rate at the camera.

13Point where the lens system begins.
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As MolFlow+ does not directly display the rate of incident photons Z; sp.n: at a facet, it
has to be calculated out of the amount of hits and the factor K, describing the photon

rate each virtual test particle represents:

Zi,spont = NHits K real

virtual

o dNreal NHits

10
dt Nvirtual ( )

Since the photons, useful for imaging the proton beam and electron lens, are the ones
directly hitting the camera, a distinction between direct and indirect hits at the lens
plane must be made.

As Figure shows, there are two peaks in the angular profile of incident photons at
the lens plane. By running a simulation in which every facet has a sticking factor of 1,
only the photons hitting the lens plane directly are recorded (Figure .

When subtracting the photon rate of direct hits from the rate of all incoming photons,
the photon rate of indirect hits can be calculated:

indirect __ direct
Zi, spont Zi75p0nt - Zi,spont

4 Simulation of thermal radiation from electron-gun

cathode

The thermionic tungsten cathode in the electron gun of the Hollow Electron Lens is
emitting thermal radiation at a temperature of about 950 °C [45], which is picked up
by the camera system.

The following sections will present the simulation geometry, show the calculation of

facet properties and explain the procedure of setting up the necessary simulations.

4.1 Geometry

As the cathode is part of the Hollow Electron Lens system, the geometry generated in
B.1 must be extended.
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A model of the HEL was already built for vacuum simulations; to reuse it for the pur-
pose of simulating the cathode’s thermal radiation, the BGC model described in is
inserted (Figure [15a)), by connecting the HEL beam pipes with the RF liner.

As the HEL model was originally designed for vacuum simulations with several pump
locations, its dimensions are greater and it contains more facets than necessary for the
purpose of simulating the cathode’s thermal radiation. Therefore, all redundant facets
are deleted (Figure [15)).

«

~ 26500 facets

(a) Vacuum simulation model with inserted BGC. Necessary parts for light simulation marked
yellow.

~ 7500 facets

(b) Light simulation model with link facets marked red, dividing the model into three struc-
tures.

Figure 15: Comparison of HEL model for vacuum simulations and cathode’s thermal
radiation simulation.

The facet, which is closing the interaction chamber towards the collector side is as-
signed a sticking factor, to account for the photons propagating further into the HEL
geometry. A test simulation is used to compare the amount of photons going in and

out of the interaction chamber’s right side. According to this simulation the facet is
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assigned a sticking factor of 0.985 and diffuse reflection.

Additionally, the light simulation model is divided into three structures (Figure [L5b)).
Combined with the decreasing amount of facets, this results in an improvement of
simulation speed (factor of about 8.5)M]

4.2 Simulation

This section will go over the necessary steps to set up the simulation, including facet
properties, their calculation and methods, used to gain more data on low impingement

rate areas.

4.2.1 Emission

The ring-shaped cathode is mostly surrounded by other parts and only a fraction of it
is pointing towards the direction of the electron’s acceleration (Figure [L6]). If the whole
cathode emits photons, the majority of them would spend a disproportionate amount
of time bouncing between the cathode’s surface and the facets of the parts surrounding
it. This occupies a lot of computational power without noteworthy contributing to the
photon rate at the lens plane. Therefore, only the part marked red in Figure [16|is set

as a source facet, its distribution of emission is approximated as cosine.
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Figure 16: Cross section of the electron gun’s cathode (pink) with emitting surface
marked red.

M (Obtained through the ratio of the source facet’s desorbed virtual particles per second.
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Its photon rate of emission is calculated in three steps:
e Estimate the wavelength range of interest.
e Listimate the power emitted in that wavelength range.
e Divide the power by the photon energy to obtain a photon rate.

The wavelength range of interested is set by the filter in front of the camera, which has
its maximum transmittance at the wavelength of spontaneous emission (585 nm) and
an approximated bandwidth of 10 nm (Figure [17)).
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Figure 17: Wavelength dependent transmittance of camera filter with 10 nm bandwidth
(marked red) and a maximum transmittance of about 80 %.
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As indicates, the cathode’s spectral emittance M, ) can be calculated, by multiplying
the black bodies’ spectral emittance M7, at 950° C (cathode’s temperature) [45] with

€

the emissivity of tungsten at 1000 ° (7] [46]:

Moy =M, €

2mhc? 1

: -0.15
AP e)fchcT —1

M. (\,T) =

Due to the small bandwidth, the emitted power AP of surface area A in the bandwidth
A\ can be approximated by isolating the power P out of the of the spectral emittance
M,y [Js™tm3):

2whc? 1
M, \(\,T) = : :
:)\( ) )\5 eA}ILcCT _1 €
AP 2hc? 1
— . - £
A- AN N emir — 1
21hc? 1
AP = . e A-AN 11
)\5 @)\}It;i?]“ . 1 ( )
2mhc?
AP~ - 0.15 - 1.52cm? - 10nm
A e r12BK — |
AP ~ 2.3mW

When dividing the emitted power for the cathode’s surface area and the wavelength
range of interest by the photon energy FE,; at 585 nm, an approximation for the photon

rate of thermal radiation is found:

AP
Ze erm — 4
»th Epn

AP

"~ he (12)
2.301mW - 585nm

- h c

~ 6.78-10"%¢71

5 For unoxidized tungsten, which spectral emissivity is averaged over the whole spectrum [46].
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In order to insert it into MolFlow+ the photon rate has to be converted into an out-

gassing parameter Qperm:

dNreal

erm — kT
Quern =

~ 2.74-10 "mbarls™!

4.2.2 Materials and reflectivities

If not stated otherwise, all facets that were added in have the properties of stainless

steel as shown in Table Bl

4.2.3 Iterative simulations

In spite of the simplifications in there are no hits at the lens plane (Figure after

simulating for more than 16 hours.

=2

e pove |-

100e10 100e12 100e14

*

Figure 18: Visualized impingement rate of thermal radiation simulation after about 16
hours of simulation and 8.47-10° desorbed virtual photons.

For that reason an iterative simulation is needed; to set it up, several steps are necessary:
e Find location for new source facet.
e Set the resolution and record an angle map.
e Calculate the scaled emission rate.

e Emit from new source facet in second simulation.
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To determine the location of the new source facet, the amount of photons at that posi-
tion is of interest, as more hits allow for a higher angle map resolution and consequently
a more accurate simulation. But placing it too close to the original source might not
result in the promised gain of simulation speed.

Therefore, a compromise must be found, leading to the least possible amount of itera-
tions while still delivering accurate results in a reasonable amount of time. The chosen

facet for the iteration is shown in Figure

Figure 19: MolFlow+ model for simulating cathode’s thermal radiation with red marked
facet of iteration.

To set the angle map’s resolution and with that the number of bins sampling elevation
angle 6 and azimuth angle ¢, a test is made with 20 bins sampling 6 and 12 bins
sampling ¢ (Figure [20)).

As shown in Figure the distribution of 6 can be approximated as constant over the
whole azimuth angle range of 27. This indicates an independence of the azimuth angle
and its resolution can therefore be set to 1.

The resolution of 6 can be split into two ranges and as the amount of incident pho-
tons drops with 6 2 0.625rad this is the point to change resolutions, leading to 100
bins sampling Orad — 0.625rad and 10 bins sampling 0.626rad — 7/2rad (Figure[21)).

This provides enough data while maintaining the desired accuracy.
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Figure 20: Thermal radiation angle map test, necessary to set the resolution. Horizontal
axis samples ¢ and vertical axis 6, with the axis values representing the center of the
bins in rad. Color coded for better visualization.

L L5 10° . \ \

g /\ M ' | Change in resolution

S 1.0 IY |

~ :

£ 50000 :

3 %0 |

: AAN

= 0 R S| | | | Ll FW— I
0 0.2 0.4 0.6 0.8 1 1.2 14

Elevation angle 6 [rad]

Figure 21: Thermal radiation angle map. Elevation angle 6 of 4338946 incident photons
sampled over the whole azimuth angle range, with 100 bins from Orad — 0.625rad and
10 bins from 0.626 rad — 7/2rad.
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After the simulation is stopped, the scaled rate of desorption has to be calculated
according to @, with the emitted photon rate of thermal radiation Z, jperma calculated

above:

stcaled _ NHz'ts
dt e, thermal Nmrtual
4.34-10°

~ 6.78-10%¢71 .
> 847100

~ 3.47-10%s7!

To launch the iterative simulation the outgassing parameter Qinerm, iteration has to be

determined:

o stcaled T
cherm, iteration — dt k

~1.41-107"%mbarls™!

Additionally, the recorded angle map must be incorporated as the distribution of emis-

sion.

4.2.4 Low-flux iteration

Even though the simulation speed is significantly improved (factor of about 2000)@ by
the iteration, a normal simulation can not deliver enough data at the lens plane facet
in a reasonable amount of time.

Activating the low-flux mode allows for more data to be gathered on regions with a low

impingement rate.

The only parameter which must be set is the cutoff ratio. Since the difference in
impingement rate from source to lens plane is about 7 orders of magnitude, the cutoff
ratio is set to 1-10%. This way the photons can easier reach the lens plane, without

occupying too much computational power by being tracked for too long.

16Obtained through the ratio of initial influx rate to the scaled one.
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4.2.5 Measurement of photon rate

The photon rate is measured similar to [3.2.3] except the number of Monte Carlo hits
Ngis at the lens plane is exchanged for the number of equivalent hits, since the low-flux

mode photons only represent a fraction of their initial flux.

5 Simulation of synchrotron radiation

Close to TP4, where the HEL is to be installed, the seperator bending magnets D3 and
D4 are widening the distance between the two beam lines (Figure . This results in
the emission of synchrotron radiation. As the magnet D3 is too close to the BGC, the
synchrotron radiation emitted due to its magnetic field travels through the interaction
chamber without being reflected onto the lens plane. Therefore, only the synchrotron
radiation of D4 will be simulated. To do so, several steps are necessary, which are

visualized in Figure 23]

>4 [ BGC

v+—D4 & D3
separator
bending
magnets

Ares A

e —

Figure 22: Position of separator bending magnets D3 and D4 as well as the BGC in
reference to TP4. Magnetic regions from various magnets visualized in yellow. Redrawn

from .
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Figure 23: Visualization of the necessary steps to simulate the synchrotron radiation
of D4, reaching the BGC camera.

Simulation software
Other software

The following section is structured according to the three main software programs used:

e OpticsBuilder:

Generate files necessary for simulation in SynRad-+-.

e SynRad-+:

Simulate synchrotron radiation.

e MolFlow-:

Tterative simulation in MolFlow+.

5.1 OpticsBuilder

In order to start a simulation in SynRad+, three components are necessary:

e Geometry:
A .txt file containing the facets, which represent the vacuum system exposed to

synchrotron radiation of D4.

e Magnetic regions:
A .param file describing the magnetic region of the bending magnet D4.

e Beam properties:
A .bxy file containing the beam’s energy spread as well as the lattice functions,

which describe the beam optics.
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Geometry
Out of the LHC aperture graphﬂ measurements of the vacuum parts from the bending
magnet D4, up to the BGC are taken (about 78 m along the beam path). They can be

categorized into three groups:

e Drift chambers:

Cylindrical vacuum chambers without change in aperture.

e Beam screens:
Shield the superconducting magnet cold bores from synchrotron radiation. Perfo-
rated to ensure cryo—pumpingEg] by the cold bores and copper coated on the inside

to minimize beam impedance. [47]

e Warm modules:
Vacuum chambers that establish a connection between parts at cryogenic and
room temperature. The RF fingers (marked blue in Figure ensure low beam

impedance while being able to handle the thermal expansion of the beam pipes.

In order to generate the warm module geometries with OpticsBuilder, a simplification
is necessary, where only the components closest to the beam are modeled (marked red
in Figure [24)).

For simplicity other parts like gate valves are not included and exchanged for drift
chambers. Additionally, the perforation of the beam screens and warm modules is ne-

glected (except for the RF fingers).

According to the LHC aperture graph all changes in aperture and the length between

them are incorporated into OpticsBuilder.

"Database of LHC components and their apertures.
8The sojourn time is temperature dependent and for cryogenic surfaces long enough, that they act
like vacuum pumps.
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Figure 24: Cross section of warm module example with red outline modeled by Optics-
Builder and RF fingers marked blue.

Magnetic regions and beam properties

The properties for the magnetic regions and the proton beam optics are crucial for the
simulation. The TWISS file is generated with MAD-X, by using the properties of the
High Luminosity LHC beam (Table [3) as well as the LHC sequence between D4 and

the BGC.

Table 3: High Luminosity proton beam properties for generating TWISS file. Values

from .

Energy | Beam current | Energy spread | Emittance X | Emittance Y
Symbol E 1 op=AFE/FE € Ey
Value 7 TeV 1.09 A 1.13-107* 3.351-1071°m | 3.351-107%m
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The geometric emittance in X and Y direction ¢, , has to be calculated out of the

normalized emittance &,,:

En

Epy = o
Y By
2510 °m

By
~3.35-107m

With ~ as the relativistic factor for the proton beam at 7 TeV and S as the ratio of
proton speed to the speed of light.

The properties of the magnetic region as well as the lattice functions for the magnet
D4 are copied out of the TWISS file and incorporated into OpticsBuilder.

With these information entered, OpticsBuilder can write the .txt, .param and .bxy files.

5.2 SynRad+

In the following, the simulation of synchrotron radiation in SynRad-+ is presented,

divided in geometry and simulation properties.

Geometry
As the geometry generated with OpticsBuilder is restricted to the the vacuum parts in
front of the BGC, the model is extended with the BGC geometry built in section

(Figure [25).

Figure 25: Synchrotron radiation geometry in SynRad+ with magnetic regions of sep-
arator bending magnets D3 (not included in the simulation) and D4. Tilted view to
picture the whole geometry.
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Simulation properties

As mentioned above, the material’s reflectivities in SynRad+ are chosen out of a pre-
defined library, including copper for the beam screens and iron as an approximation for
stainless steel.

The other materials in the BGC like AC-coating, PVC and anodized aluminum are ap-
proximated with a sticking factor, which is not energy and elevation angle dependent.

Their values are taken from Table 2

Additionally the RF fingers of the warm modules are assigned a new material, which is
based on iron, but the reflectance is decreased to account for the photons entering the
slits. It is estimated, that these photons will not reenter the geometry and therefore
can be absorbed.

A new reflectance R g, is calculated for every reflectance R, in the reflectance table

for iron.

A ingers
Rfinger = fimgers Riron(97 Eph)

Acylinder

With Afingers as the surface area of the RF fingers and Agyinger as the surface area of

a full cylinder with the same dimensions.

As the photons of synchrotron radiation have to pass the filter described in [4.2.1] the
emission can be restricted to photons in the range of 585 nm + 5nm. To include these

boundaries into SynRad+ they have to be converted into photon energy E,;, [eV]:

B, —
PR e
Ein~ —— ~2.101 eV

Eoe =~ —————— ~2.138 ¢V
e - 580 nm ¢

With e as the elementary charge.
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The roughness ratio values are based on a previous SynRad+ simulation for the sepa-
rator bending magnet Dﬁ Figure |26/ shows a comparison between a simulation with
and without rough surface scattering. The peaks in photon flux are multiple reflections
inside of the drift chamber, caused by photons hitting the taper of the warm module
on the right side of Figure [26]

) Without rough surface scattering.

(b) With rough surface scattering (0.001 for stainless steel and 0.0005 for copper).

Figure 26: Example of synchrotron radiation’s visualized absorbed and reflected photon
flux on warm module and drift chamber, with and without rough surface scattering.
Direction of photons from right to left.

Where the simulation with no rough surface scattering has sharp changes in photon
flux and irregular artifacts, the simulation with a roughness ratio of 0.0005 for copper
and 0.001 for the other materials has a smoother flux distribution, which is closer to

what is to be expected of the real system.

Iterative simulation with SynRad+

After running the simulation for multiple days, not enough data could be gathered at
the lens plane and even with the low-flux mode enabled, the photon rate does not seem
to converge.

Therefore, a method is necessary to use some kind of iterative simulation with Syn-
Rad+, since it is not able to record an angle map directly or emit according to it.
The particle loggeﬂ is used to track the elevation and azimuth angle of incoming pho-
tons at the facet of iteration, which is positioned in the interaction chamber’s port
towards the camera system (subsequently called “steel port”) (Figure 28). With an

Excel formula, this information is transferred into an angle map, by assigning the 5249

¥Simulation by Marton Ady, presented in .
20A tool to track different properties of all incident photons on a chosen facet.
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recorded photons to bins. Since the camera arm is radially symmetrical and the az-
imuth angle distribution at the lens plane is not of interest, the ¢ resolution is set to 1,

allowing an elevation angle resolution of 40 bins to be set (Figure [27).
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Figure 27: Synchrotron radiation angle map. Elevation angle of 255791 incident photons
sampled over the whole azimuth angle range, with 55 bins from Orad — 7/2rad.

In a subsequent MolFlow- simulation, the photons are emitted according to the angle

map recorded in SynRad—+.

Since SynRad+ is able to display the photon rate at the facet of iteration dNjieration/dt,

it can directly be transformed into the outgassing parameter QQgg:

dNite'ration
Qsr = o

~3.16-10°s ' kT
~1.28-10" " mbarls™

kT

5.3 MolFlow+

In the MolFlow+ simulation, the BGC model of the spontaneous emission (presented
in is used. The facet of iteration is copied out of SynRad+ and incorporated into
the BGC model (Figure 28). Afterwards, the original source facet is deleted and the

facet of iteration is assigned the angle map distribution recorded in SynRad-+ as well

as the outgassing parameter QQgg.
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Figure 28: Synchrotron radiation iteration in MolFlow+. The desorbing facet inside of
the steel port is marked red and the green lines exemplary represent the trajectory of
the emitted test photons.

Apart from the emission, the simulation properties and the method of measurement are

the same as in the previous simulations.

6 Results

The photon rates at the lens plane in Table 4] are multiplied with a factor Ti,q to
account for the transmittance of the vacuum view-port between the camera arm and
the BGC interaction chamber (spectral reflectance shown in Figure [46|in , the lens
system [23| and the filter in front of the camera (Figure [17]).

Eotal - Tview—port : ﬂens—system : Tfilter
~0.99-0.8-0.8 (13)
~ 0.634

The scaled results are presented in Table [4] and visualized in Figure 29]
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Table 4: Simulation results with the photon rates at the lens plane differentiated ac-
cording to signal and background; scaled according to the transmittance of the optical
system and vacuum view-port.

. . Photon rate of Photon rate at
Simulation

emission [s7!] lens plane [s71]

ignal 155103
Spontaneous emission 5.72-10% Pleha

background | 425946

Thermal radiation 6.78-10'2 background 6
Synchrotron radiation 2.26-101° background | 954202

— 1.5-10°

ESE signal
ESE background

1105 BSR background

5-10°

Photon rate at lens plane [s7!

N

|
Signal Background

Figure 29: Visualized simulation results.

From Table [4] the ratio of signal to background photons per second X is calculated as

follows:

¥~ 1551035~ ¢
4259465 + 651 + 95420251
~ (.11
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7 Discussion

The results indicate that in the current setup, the amount of background radiation on
the BGC monitor’s camera might pose a threat to its functionality, as according to the
simulations the background photon rate is about nine times as high as the signal’s.
Especially the synchrotron radiation can be identified as a problem, since it is the source
of background radiation with the highest photon rate at the lens plane and presumably,
more invasive changes are necessary to reduce it (more in section [7.6)).

The number of photons per second reaching the lens plane, which are emitted by the
thermal radiation of the electron gun cathode on the other hand is small in comparison

to the other light sources.

In the following sections, the errors in the approximation of simulation properties are

estimated and potential improvements are discussed.

7.1 Accuracy of MolFlow+ and SynRad-

As all simulations are made with these programs, their accuracy will be discussed
subsequently.

7.1.1 MolFlow+

The steady-state algorithm of MolFlow+ for vacuum simulations has been validated in

many occasions in accelerator design since it has been developed [48§].

The effects of implementing specular and diffuse reflection to model electro-magnetic
waves will be discussed in

7.1.2 SynRad+

The principle on which the emission of photons in SynRad-+ is calculated, is used in
different simulation programs [48| and a brief overview of the validation can be found
in [49]. A limitation of SynRad+, which lies within the calculation of the emission
spectrum, shows with a high photon energy in comparison to the particles energy, as

the real synchrotron radiation spectrum is discrete, but approximated as continuous in
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SynRad+ [49]. Since the photon energy in section [5.2]is restricted to visible light and
the proton beam has an energy of multiple TeV, this limitation is not of concern for

the simulation of synchrotron radiation presented above.

The calculation of specular and diffuse reflection in SynRad+ is based on an analytic
model described in [50]. Simulations in SynRad+ show a “discrepancy for low grazing
angles, most visible for the out-of-plane distribution for 1 and 2 degrees” [48] (the out-
of-plane distribution describes the azimuth distribution) in comparison to the analytic

model, but a negligible difference for all other incident angles [48].

7.1.3 Converging results

Since Monte Carlo simulations use a numerical approach, the results in MolFlow+ and
SynRad+ show a fluctuation during the simulation. With more photons emitted, the
magnitude of these fluctuation decreases. The convergence plotter tool can be used to
show the evolution of the photon rate at the desired facet over the increasing number
of desorptions (Figure [30).

g
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917065

Phaton rate at lens plane [1/5]

917060

Mumber of desorptions

Figure 30: Convergence plotter example of spontaneous emission simulation. The graph
shows the evolution of the photon rate at the lens plane (not scaled according to Tiota
(Equation ) during the emission of the last 3-107 emitted test photons.

The maximum and minimum of this graph can be used to estimate the accuracy of the
simulation, independent from the simulation properties.

For the simulations involved in the results presented in Table 4] the uncertainty is well
under 1 %. For test simulations in the following sections, the uncertainty is in the range

of a couple percent.
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In general, the effects of errors in the estimation of various simulation parameters are
expected to exceed the inaccuracy of the MolFlow+ and SynRad+ algorithms by far

and are therefore neglected in this stage of simulation.

7.2 Emission rates

As the behavior of the steady-state mode used in MolFlow+ as well as SynRad-+ is
linear, a change in emission rate results in the same change of the photon rate at the

lens plane.

Spontaneous emission

One of the more significant sources of error in the calculation of the photon rate emitted
by the interaction of the particle beams and the neon gas jet are the excitation cross
sections, which are proportional to the photon rate (Equation . It is estimated,
that due to the principle of equal velocities, electrons and protons “will give rise to the
same excitation cross section” [43|. The lack of measured data in the range of 3 MeV
to 7 TeV particle energy, leads to an extrapolation over one order of magnitude in case
of the electron beam and six orders of magnitude for the proton beam, with a fit line
described by a theoretical model [43]. For the proton beam, the result “may be affected

by a large and hard to estimate error” [43].

According to the calculations, less than 1 % of the spontaneous emitted photons are
generated by the proton-gas interaction. In a test simulation the source facet is scaled
down to a corresponding proton beam width of 16.7 pm [51] with an emission rate of
3.9969-10°s7!, leading to a photon rate with direct impact at the lens plane of about
1065s~! (after accounting for Tj.e). Therefore, the proton beam is harder to image

and background radiation is an even bigger problem.

Thermal radiation
Due to the simplifications in section [4] regarding the calculation of emitted photons per
second and in the selection of a source facet, the photon rate at the lens plane may be
off by a few hundred percent. Even in the case of a photon rate, one order of magnitude
higher than simulated, the thermal radiation background would be about 0.05 % of the
signal’s photon rate.

Therefore, the thermal radiation will be neglected in the further discussion.
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Synchrotron radiation

Since the synchrotron radiation emission rate is calculated with SynRad+’s well tested
algorithm and the High-Luminosity LHC beam properties as well as accurately mea-
sured magnetic properties as input, the expected error is negligible in comparison to

the other simulations.

7.3 Reflection properties

In the following sections, the effect of deviations in the reflection properties will be

discussed.

7.3.1 Reflectance

The reflectance values for the materials in Table [2| originate out of measurements, but
are not necessarily applicable without any restrictions, as the materials used in the
BGC might deviate from the ones used for the measurements.

When comparing multiple sources of reflectance measurements with the values chosen
in Table 2l a deviation for copper towards higher reflectivities is noticeable. According
to [52], the reflectance of copper is 70.1 % instead of the 61 % assumed in section [3.2.2]
This matches with other sources shown in [A.3]

As SynRad+ uses the reflectance table mentioned in section and no copper parts
are used in the MolFlow+ iteration of the synchrotron radiation, this deviation only

affects the background photon rate of the spontaneous emission simulation.

A test simulation for the spontaneous emission case with a copper reflectance of 70 %
shows less than 2 % more reflected photons at the lens plane. When increasing all
reflectance values in this simulation by 10 % - a higher error than expected - the
background photon rate would also rise 10 %, which is a small deviation in comparison

to other sources of error shown in the following sections.

7.3.2 Specular and diffuse reflection

The reflection of rough surfaces in MolFlow+, modeled with a specular and diffuse part,

is simpler than the one used in SynRad+, as it does not account for photon energy or
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elevation angle.

The values for specular and diffuse reflection, of the materials used in the MolFlow+
simulations are roughly estimated. Only the values for stainless steel are based on a
measurement, but with a material, which is probably smoother than the one used
in the BGC, resulting in a higher amount of specular reflection. As the majority
of photons, which are reflected onto the lens plane hit the steel port connecting the
BGC’s interaction chamber and camera arm, this part is of special interest regarding
its reflection properties, like the ratio of specular and diffuse reflection.

To approximate the effects of a deviation in the ratio of specular and diffuse reflection,
test simulations for the SE (Figure as well as the SR (Figure in MolFlow+
are made.

The magenta curves (square marks) of Figure [31|is generated by changing the specular
and diffuse reflection properties of the facets resembling stainless steel. The teal curves
(triangle marks) are generated by varying the properties of all facets except the stain-

less steel ones, where lens tubes and PVC bellow are assigned the same properties.

The graphs indicates that the photon rates at the lens plane are more reactive to a
change of the stainless steel’s specular and diffuse reflection, than to other materials.
This can be derived from the higher gradients of the magenta curves - in comparison
to the teal curves - describing a change in the stainless steel’s properties.

This is expected, since the majority of background radiation in the SE and SR iteration

simulation are reflected off of a stainless steel surface.

In contrast to Figure the SR photon rate at the lens plane (Figure [31D) is rising
with an increasing part of diffuse reflection. An attempt to explain this can be made by

interpreting the angular distribution of SE and SR at the facet of SR iteration inside
the steel port (Figure [32)).

In the SE case (Figure [32a)), a lot of photons, which are reflected specular off of the
stainless steel port, reach the lens plane. A deviation from that trajectory, caused by
diffuse reflection, leads to more absorption in the low reflectance camera arm or reflec-

tion back to the interaction chamber.
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(a) Spontaneous emission photon rate at lens plane, dependent on specular and diffuse reflec-
tion.
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Figure 31: SE and SR photon rates at lens plane, dependent on specular and diffuse
reflection. Magenta curves (square marks) are generated by changing the properties
of stainless steel facets, teal curves (triangle marks) are generated by changing the
properties of all facets expect the stainless steel ones.
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(b) Synchrotron radiation angular profile at facet of iteration.

Figure 32: Angular profiles of spontaneous emission (a) and synchrotron radiation (b)
at facet of SR iteration.

The angular distribution of the SR at the facet of iteration (Figure [32b)) is shifted to
higher incident angles. Therefore, mainly the diffuse reflected part is able to reach the

lens plane after reflection in the stainless steel port, causing higher photon rates for

increasing diffuse reflection.

To verfify this thought, another simulation is made, where the camera arm is assigned
a sticking factor of 1, to make sure the difference is due to the steel port. Thereby, only
photons which hit the lens plane directly or are reflected off of the steel port can reach
the lens plane.

Now, the angular profiles at the lens plane as well as at the end of the steel port towards

the camera arm are recorded, while changing the ratio of specular to diffuse reflection

from 0 to 1 (Figure [33).
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Figure 33: SR angular profiles with isolated specular (a) and diffuse (b) reflection at
steel port and complete absorption in camera arm.

As the angular profile at the end of the steel port for diffuse reflection is significantly
wider than for the specular reflection (teal curves in Figure , the amount of photons
leaving the steel port with an elevation angle lower than 11° increases by a factor of
about 7. This is consistent with the rise in photon rate at the lens plane with an in-

creasing amount of diffuse reflection in the test simulation.

Overall, the background photon rate at the lens plane is expected to increase with higher
diffuse reflection due to the higher gradient of the magenta curve for the synchrotron
radiation (Figure [31D]).
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7.3.3 Roughness ratio

When changing the roughness ratio (RR)) of the facets in the synchrotron radiation
simulation in SynRad-, the photon rate at the facet of iteration changes (Figure [34)).

4-10%

—
—

= 3100

21010 |

’ SR simulation

1100 |
0

S

of iteration

Photon rate at facet

| | | | | | | | |
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Roughness ratio

Figure 34: Photon rate at facet of SR iteration, dependent on roughness ratio. Blue data
point (marked with an x) represents the SR simulation in SynRad+, with a roughness
ration of 0.0005 for copper and 0.001 for all other materials.

When the roughness ratio was approximated in section an error was made. The
roughness ratio value usually varies around 0.004, the estimation in section [5.2]is there-
fore too low and according to Figure [34] an increase in the photon rate at the facet of
SR iteration by a factor of 2 is possible, which would result in the same change in the

lens plane photon rate.

7.4 Effect of iterative simulation

Due to the fact that the point of emission on a source facet is chosen randomly, there
is an error in every iteration. If during the recording of an angle map, every photon
is hitting the facet of recording in the same fraction of its surface area, when emitting
according to this angle map, the points of emission are spread evenly across the surface.

This effect is more present the bigger the facet of iteration is.

To estimate the error of an iteration, a test simulation is made, where the photon rate

of spontaneous emission at the lens plane is measured with and without an iteration.
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To keep the test close to the SR simulation, the same geometry including the facet of
iteration is used and the angle map has similar parameters of 225716 hits sampled in

55 bins for the elevation angle over the whole azimuth range.

The simulation including the iteration shows about 26 % less photons at the lens plane

in comparison to the simulation without an iteration.

7.5 Lens system and photon distribution at lens plane

The simulations are neither accounting for the lens system, nor the distribution of pho-
tons at the lens plane.

As Figure [35 shows, the photons at the lens plane representing the signal (Figure
are distributed in a smaller area of the facet’s center than the background photons
(Figure . The synchrotron radiation simulation is affected by the error of the
iteration, including the neglected azimuth distribution, but the spread of photons on

the lens plane is expected to be unaffected.

4 65 71 73 2 72 72 70 66 40 65 71 74 74 68 63 52 31

56 73 73 70 69 70 69 68 68 70 70 57

1 62 47 46 47 47 47 55 T2
63 47 45 46 47 48 57 73
70 53 45 44 45 49 61f%
1 66 55 49 50 57 69

56 71 74 72 70 70 68 66 65 66 67 53
39 66 71 71 70 69 69 68 63 39
31 47 54 53 46 31

(a) SE signal (b) SE signal & background (¢) SR background

Figure 35: Visualized photon distribution at the lens plane, values in each cell represent
hits, normalized and in percent. (b) shows signal as well as background radiation of SE
as the background can not easily be isolated.

Along with the refraction of the lens system, these two factors have an impact on how

the camera system is processing the signal and their effect could be studied subsequently.
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7.6 Recommendations

The next sections include recommendations for following actions as well as measures
to verify the simulations and potentially lower the background photon rate at the lens

plane.

7.6.1 Measurements of synchrotron radiation during run 3 of LHC

In reaction to these findings, the amount of synchrotron radiation could be measured
at the place of installation, to verify the results of the simulation and if necessary, take
precautions to reduce the amount of background radiation picked up by the BGC cam-
era.

As a BGC prototype is already installed in IR4, during Run 3 of the LHC (proton
experiments scheduled for mid-2022) [53] it could be used to take these preliminary

measurements.

7.6.2 Mask in steel port

A mask in the steel port could be used to shield the camera from background photons.
A test simulation is made, where a copper mask (reflection properties in Table (3.2.2)
with a 13 mm ¢ iris is incorporated into the lower part of the steel port (Figure .

Figure 36: BGC interaction chamber with mask in steel port marked red.

Copper is used, as it is easy to fabricate with the tools at hand and the mask’s material

is not expected to have a great impact on the photon rate at the lens plane.
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The simulation results with the mask in place are presented in Table [5| and visualized

in Figure

Table 5: Simulation results with mask in steel port and the photon rates at the lens plane
differentiated according to signal and background; scaled according to the transmittance

of the optical system.

Photon rate of Photon rate at
Simulation
emission [s7!] lens plane [s7]
signal 154679
Spontaneous emission 5.72-10%
background 772
Synchrotron radiation 2.26-101° background | 81649

— 2-10°
" HSE signal
© . HSE background
5 15-107) BSR background
2,
g 1100
=
O
= 50,000 |
=
S
2 0f
~

|
Signal Background

Figure 37: Visualized simulation results with mask in steel port.

From Table [5| the ratio of signal to background photons per second with a mask in the

steel port X,,qsk 18 calculated as follows:

154679 s~

Xmas %
P 7251 £ 8164951

~ 1.88
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The signal to background ratio with a mask is about 17 times higher as the one presented
in section

The mask is able to remove over 99 % of background photons from the spontaneous
emission, while letting over 99 % of the signal pass. At this point the deviation can
solely be based on the fluctuation of the simulation result.

The SR result is greatly affected by the error of iteration, as the information of the
photons position is lost with the iteration, which is crucial when simulating the effects

of a mask. Nevertheless, a mask is expected to greatly improve the BGC’s performance.

7.6.3 Black steel port

The data in Table [4] implies that - without a mask - about 75 % of photons coming
from the spontaneous emission are reflected at least once before hitting the lens plane
and therefore are background radiation. After further investigation, the port, which
connects the BGC interaction chamber and the camera arm is responsible for about
80 % of the reflected light at the lens plane.

If the implementation of a mask in the steel port is not applicable or still a reasonable
amount of photons are reflected off of the steel port, its reflectance could be decreased
to reduce the photon rate at the camera.

As part of the interaction chamber is already AC-coated, the coating setup could be

extended to include the steel port.

Test simulations for the SE and SR are made to estimate the background photon rates
at the lens plane with a blackened steel port (Figure ; the results are presented in
Table [6] and visualized in Figure [39

Figure 38: AC-coated parts in black port test simulations.
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Table 6: Simulation results with black steel port and the photon rates at the lens plane
differentiated according to signal and background; scaled according to the transmittance

of the optical system.

Photon rate of Photon rate at
Simulation
emission [s7] lens plane [s71]
signal 155103
Spontaneous emission 5.72-10%
background | 89346
Synchrotron radiation 2.26-10%° background | 456059
. 6-10°
' ESE signal
. ESE background
% 4105 B SR background
2
=
=
o 2 105 |
=
o
2
@)
= o

| |
Signal Background

Figure 39: Visualized simulation results with blackened steel port.

From Table [6] the ratio of signal to background photons per second with a blackened

steel port Xyack—port is calculated as follows:

15510371

X aACKR—por %
black=port ™ 90346 s—1 + 456059 5~

~ 0.28
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7.6.4 Saw-tooth profile to lower SR photon rate

A saw-tooth profile (Figure on vacuum chambers is an efficient method to decrease
the amount of forward scattered light. Photons hitting the part which is close to or-
thogonal in comparison to the photon direction, are more likely to be absorbed, as the

scattering probability decreases with near-orthogonal incidence.

Figure 40: Microscopic surface view of saw-tooth profile incorporated in the LHC.
Redrawn from .

To reduce the amount of synchrotron radiation at the lens plane, the part of the drift
chambers between the BGC and magnet D4, which is exposed to the majority of direct
incident photons could be changed to a saw-tooth profile (Figure .

100el2  100e13 100614  100e’5  100e¥6 100677

(b) Drift chamber facets with highest flux.

Figure 41: Synchrotron radiation simulation facets, which are suitable for saw-tooth
machining.
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8 Conclusion

This thesis aims to estimate the photon rates of different light sources, illuminating
the camera of the Beam Gas Curtain instrument, developed in the course of the Large
Hadron Collider’s High Luminosity upgrade, by using Monte Carlo simulations.

They are able to give a rough estimation of the different light sources in the system.
The synchrotron radiation can be identified as the biggest threat to the functionality
of the BGC, especially considering a potential increase due to errors generated by the
iteration as well as roughness ratio and the low signal photon rate expected from the
proton-gas interaction. Meanwhile the thermal radiation of the electron gun cathode is

very small in comparison to other background sources and therefore negligible.

In this stage, the simulations are not suited to give accurate predictions about real
photon rates at the camera, as a lot of variables, like reflection properties or emission
rates, are roughly estimated and the lens system is not accounted for.

The results are building a basis to understand the relation between the light sources and
are valuable to identify potential threats and investigate subsequent steps and possible
optimizations to reduce the background photon rate at the BGC monitor’s camera, for
example by incorporating a mask into the steel port, blackening it or partially applying
saw-tooth machining to the drift chambers between the BGC and bending separator

magnet DA4.
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A Appendices

The appendices deliver additional information as well as references about assumptions

made throughout this thesis.

A.1 Materials

In the following, more information about the materials out of Table |3.2.2] and their
reflection properties are provided.
If not stated otherwise, the ratio of specular and diffuse reflection is solely based on

estimations, since no data is available.

Black anodized aluminum
The material encapsulating the lens system is made from anodized aluminum and fab-
ricated by Thorlabs. The reflectance is obtained from Figure 42| made by Thorlabs.

r r r r |
350 450 550 650 750 850
Alnm]

Figure 42: Spectral reflectance of black anodized aluminum for a 45° incident angle and
an average of m and o polarization.

Black PVC

The camera arm bellows are made out of black PVC and fabricated by RRG. Their
reflectance is estimated on the basis of Figure [43([54]. It does not include the reflectance
at 585 nm, but it is estimated that the graph will follow the same gradient for shorter

wavelengths.
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Figure 43: Spectral reflectance of black and white PVC [54].

Stainless steel

The vacuum chambers in the HEL and BGC are made out of stainless steel. The surface
properties of the real parts are varying and could not be determined at the current stage
of the project.

Thus, the reflectance at 584nm is taken from a technical report by NASA [52].

The ratio of specular and diffuse reflection is shown in Figure {44][55]. The data is for
a stainless steel surface with a mirror like finish, therefore the specular reflectance is
high. As this is the only data available it is included into the MolFlow+ models and
can be seen as a worst case approximation, since the photons can easier propagate long
distances through the model (relevant in . The values in the graph are absolute, to

insert them into MolFlow—+ they have to be normalized.

Copper
The reflectance of copper is taken from Figure 45/ [56].

AC-coating

The amorphous carbon coating was initially designed to reduce the problem of electron
clouds in the LHC, induced by different effects responsible for the desorption of elec-
trons from vacuum chambers [57].

Due to its low reflectance it is also used to absorb stray light in the BGC’s RF liner.
Its reflectance is taken from a presentation held at a BGC meeting at CERN [41].
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Figure 44: Total, specular and diffuse reflectance of a stainless steel mirror. Redrawn

from .
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Figure 45: Spectral reflectance of different materials, including copper |\
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Polyteknik coating

Special coating process, which is used to provide a very low reflectance background for

the camera.

Its reflectance is taken from a presentation held at a BGC meeting [41].

A.2 Vacuum view-port reflectance

Reflectance of Hositrad vacuum view-port between BGC camera arm and interaction

chamber.

Reflectance (%)

400 500 600

Wavekngth (nm)

Figure 46: Spectral reflectance of vacuum view-port by Hositrad. Curve is not based
on measurement, but calculations.
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A.3 Copper reflectance
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Figure 47: First alternative source for the spectral reflectance of copper |\
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