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Abstract

Emittance measurement at the Large Hadron Collider (LHC) is a challenging task, due to
the high energy and intensity of the accelerated proton and ion beams. Current beam size
monitors are either limited to low intensity beams or require calibration. There is conse-
quently no continuous beam size, and therefore emittance, measurement available during
the energy ramp. With the upcoming High Luminosity LHC (HL-LHC) upgrade, measur-
ing the transverse emittance throughout the cycle becomes crucial to identify sources of
emittance growth and maximise the luminosity of the upgraded collider.

The Beam Gas Vertex monitor (BGV) proposes using inelastic hadronic interactions
of the LHC beams with a gas target to measure beam size and profile. A forward tracking
detector enables the reconstruction of secondary particle trajectories and beam-gas inter-
action vertices. A beam profile image is then inferred from the distribution of measured
vertices.

Based on the lessons learned from a demonstrator instrument operated in the LHC
during Run 2, a new design is proposed for the HL-LHC future instrument (HL-BGV). It
aims to provide absolute transverse beam size and bunch width measurements through-
out the entire acceleration cycle, including the energy ramp. This design was optimised
through various Monte Carlo simulation studies, which also served to estimate achiev-
able performance. The revised gas tank and gas target designs benefit from a lower and
negligible impact on machine operation concerning wakefield contributions, beam lifetime
and emittance growth. The radiation impact of the HL-BGV target was also carefully
considered.

The beam profile is unfolded from the distribution of measured vertices by evaluating

the response function of the instrument, specific to a set of reconstructed interactions. At



the most demanding beam energy of 7TeV, the proposed design is expected to reach a
beam size accuracy of 5% and a bunch-by-bunch precision of 1% within less than 2.5 min

of integration time. The possibility to reconstruct centred double Gaussian beam profiles

was also demonstrated.
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Chapter

Introduction

1.1 Project context

The Beam Gas Vertex (BGV) instrument [1,2] is a beam profile monitor under development
for the High Luminosity upgrade of the Large Hadron Collider (HL-LHC) [3,4]. Its working
principle is based on the reconstruction of beam-gas hadronic interaction vertices, through
secondary particles tracking.

The idea originated from the LHC beauty (LHCb) experiment during Run 1 [5-7],
which provided beam size measurements at collision energy via beam-beam and beam-gas
interaction vertices reconstruction. A demonstrator BGV was then built in a short time,
commissioned and operated at the Interaction Point 4 (IP4) of the LHC during Run 2, with
the aim to exploit this method to measure the LHC beam size throughout the full LHC
energy cycle. The tracking detector of this device was built from Scintillating Fibre (SciFi)
detectors, provided by LHCb. Yet incapable of vertex reconstruction, the demonstrator
BGYV successfully provided online average beam size measurement throughout the LHC
cycle, in good agreement with standard instruments [8].

Following these promising results, and with the interest raised to build a new beam
size and profile monitor to support the commissioning of the HL-LHC, a design was pro-

posed for an BGV instrument capable of measuring the HL-LHC beam size and profile.

1.2 Layout of work

This thesis presents part of the work which lead to the design proposed for the HL-LHC
BGV (HL-BGV) instruments, the overall design of which is presented in Reference [2]. It

14



1.2. Layout of work

is structured as follows:

Chapter 2 introduces the CERN accelerator complex, with a focus on the LHC and
its High Luminosity upgrade. It also gives an overview of relevant accelerator physics con-
cepts. Chapter 3 discusses the current beam size monitors, and those at the project stage,
on the LHC. The performance requirements for the HL-BGV are detailed in Chapter 4,
and the Monte-Carlo simulation tool developed to guide the design of this instrument is
described in Chapter 5. Chapters 6 and 7 respectively give a comprehensive description
of the gas tank and gas target design of the HL-BGV. A method to unfold the response
function of the BGV from the measured particle distribution and provide a beam profile
measurement is finally proposed and tested on simulated data in Chapter 8. Chapter 9

concludes this thesis.

My main contributions to the design of the HL-BGV regard:
e Identification of possible instrument locations in the LHC;

e Implementation of the BGV simulation tool, in particular the algorithm building the

geometry and part of the Geant4 algorithm;

e Identification of relevant detector technologies and assessment of their potential for

the instrument’s tracker;

e Comparison of gas target technologies and design of the final gas target with opti-

mising its density profile;
e Assessment of the impact of the BGV target on the LHC beams;

e Optimisation of the instrument vacuum chamber shape, and study of its beam-

coupling impedance contributions;

e Adaptation and testing of a method to unfold the vertex response of the instrument
from the distribution of reconstructed vertices, which is the last step of the beam

size and profile reconstruction algorithm.

15









Chapter

The CERN Large Hadron Collider and

accelerator physics concepts

The European organisation for nuclear research (CERN) was founded in 1954, after World
War II, with the aim to gather European scientists to explore the boundaries of funda-
mental physics. 70 years later, the organisation has grown and provides researchers with a
network of particle accelerators and decelerators, shown in Figure 2.1. The Large Hadron
Collider (LHC) [3] is one of these facilities.

Beams entering the LHC are first accelerated through its injectors chain [10], which
involves for proton beams: the LINear ACcelerator 4 (LINAC4), the proton BOOSTER,
the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) [11]. For ion
beams, particles are first accelerated in the LINear ACcelerator 3 (LINAC3) and in the
Low Energy Ion Ring (LEIR) before entering the PS and SPS. Each of these facilities
provides particles with a gain of kinetic energy. When reaching the LHC, proton beams
have an energy of 450 GeV and are accelerated to produce 13.6 TeV collisions (6.5 TeV per

beam).

2.1 The LHC and its High Luminosity upgrade

The main purpose of the LHC is to collide hadron (proton or ion) beams at high energy, at
four independent high luminosity producing experiments. These experiments are installed
around Interaction Points (IPs) and aim at detecting and analysing the collision products.
This 27km long machine is so far the largest worldwide accelerator, also reaching the

highest colliding energy of 13.6 TeV in the Centre of Mass (CoM).

16



2.1. The LHC and its High Luminosity upgrade

The CERN accelerator complex
Complexe des accélérateurs du CERN

Neutrino
Platform

LHC

TT42

; [ 1976 (7 k) | AWAKE
g
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: s REX/HIE- . EastArea !
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LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnlLine // REX/HIE-ISOLDE - Radioactive
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Figure 2.1: The CERN accelerator complex layout in 2022. [9]

The ability of a collider to generate a high amount of interesting and possibly rare
events is expressed by its luminosity £ [12]. This quantity corresponds to the factor relating

dN
the event production rate s and the cross section o, of the event under consideration:

E :E O'p. (21)

The instantaneous luminosity is expressed in em 2s !, or in fb~! when integrated over

time. Considering a circular collider of revolution frequency frev, it also reads:

- NlNerevS

L= (2.2)

drooy

where o, , represent the horizontal and vertical Gaussian beam widths at the interaction
region, identical between the colliding beams, of populations N7 and Ns. S is a geometrical

reduction factor, which is equal to 1 when the two beams are colliding head-on, and smaller
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2.1. The LHC and its High Luminosity upgrade

than 1 when a crossing angle is introduced between the beams.
The coordinate system is depicted in Figure 2.2, where the s coordinate denotes the
longitudinal direction and (x,y) represents the transverse plane with respect to the beam

direction.

Design orbit

Accelerator centre

Figure 2.2: Coordinate system of a circulating particle in a circular accelerator. The
s coordinate is defined along the design orbit, and refers to the longitudinal direction,
opposed to the transverse plane (x,y).

The LHC machine was first started in 2008 and became fully operational in 2011.
Its operation is organised into several phases of about 2 years long each, called Runs,
which are separated by Long Shutdown periods (LS), during which significant machine
maintenance and elements upgrade are performed. Each operation year also ends with a
Year End Technical Stop (YETS). The approximate schedule of the LHC over the years
is presented in Figure 2.3, together with the achieved and expected collider performance,

indicated by its integrated luminosity and by the centre of mass collision energy.

LHC HL-LHC

2011 2012 2013 2014 2015 2016 2017 2018|2019 2020 2021| 2022 2023|2024 2025 2026 2027 2028 2029-2040

Collisions

7TeV 8 TeV 13 Tev 13.6 TeV 13.6 - 14 TeV
CoM energy
Integrated | 5 190 fb- 450 fb 3000 - 4000 fb-
Luminosity

Figure 2.3: LHC and HL-LHC operation and performance schedule over the years. Runs
and LSs duration is rounded to years. Operational energies are given as the energy at the
collisions Centre of Mass (CoM). [13]

A major machine upgrade is foreseen after Run 3, currently ongoing, with the aim
to increase its instantaneous luminosity by a factor five compared to the original value,
reaching 5 x 103 cm2s~!. This upgrade, and by extensions the upgraded machine, is

called High Luminosity LHC (HL-LHC) [4]. The beam parameters of the LHC, as of
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2.2. Motion of charged particles in synchrotrons

Run 2 and those foreseen for the HL-LHC are reported in Table 2.1.

Achieving a larger luminosity is envisioned by (1) increasing the beam intensity,
with doubling the bunch population, and by (2) reducing the beam size at the IP, through
stronger superconducting focusing magnets. Crab-cavities are also foreseen to be installed
on either side of the interaction regions [4], in order to increase the geometrical factor S.
These devices employ transverse electric fields to rotate the bunches so that the interaction
region is reached with the bunches oriented longitudinally. In addition to these changes,
many equipment systems will be upgraded to cope with the increased beam intensity (eg.

beam collimators, injection and extraction systems, dump, etc.).

Table 2.1: Beam parameters for the LHC (as of Run 2) and HL-LHC machines.

Beam parameter LHC Run 2 HL-LHC HL-LHC
Proton runs [4] Proton runs [4] Ton runs [14]
Revolution frequency fiey 11245 Hz
2760/2744
Number of bunches 2808 (Standard /BCMS) 1240
Particles per bunch 1.15 x 10! 2.2 x 1011 18 x 107
Total particles in the beam 3.2 x 104 6.1 x 104 2.2 x 101
Beam intensity 0.58 A 1.1A 0.78 A
Beam energy 6.8 TeV 7TeV 7TeV
Normalised emittance (7 TeV) 3.75 pm 2.5pum 1.65 pm
RMS energy spread _ _ _
(FWHM equiv. Gaussian) 1.13 x 104 1.29 x 10~4 1.29 x 1074

A careful and non-invasive monitoring of the HL-LHC beam size is therefore crucial
to support the commissioning of this new machine and optimise its achievable luminosity.
The following section introduces beam dynamics theory in circular particle accelerators.

More details can be found for instance in [15, 16].

2.2 Motion of charged particles in synchrotrons

The motion of charged particles in accelerators is governed by the Lorentz force ﬁL, ac-

cording to the ElectroMagnetic (EM) fields perceived:

d7 - . .
dit’:FL:q(waB). (2.3)

A particle of charge ¢ and velocity v can therefore be accelerated (or decelerated)
along the direction of the gradient of an electric fields E. At CERN, this is done with

time-varying electric fields, generated in Radio Frequency (RF) cavities, which spawn
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2.2. Motion of charged particles in synchrotrons

bunched beams. Besides, the particles’ trajectory can be curved by magnetic fields E,
perpendicular to the particle motion direction. Various magnet types are used in particle
accelerators: the beam is for instance bent by dipole magnets and focused by quadrupoles.
Sextupole and octupole magnets are also used to compensate some magnet aberrations
and beam instabilities. The composition of magnets constituting an accelerator is called
the lattice. In the following, only transverse linear gradient magnets, i.e. dipoles and
quadrupoles, will be considered.

When considering the transverse displacement of particles (x(s),y(s)) decoupled
between the transverse planes, and for a mono-energetic beam, whose particles share the
same momentum, it can be shown that their transverse motion in a synchrotron of radius

p obey the following homogeneous equations [16]:

1

y" —yk(s) =0 y' +yKy(s) =0

These Hill’s equations reveal that the particles oscillate in the transverse plane,
according to betatron oscillations. While the vertical beam focusing is exclusively handled
by the quadrupoles, of strength k, the dipoles generate an additional weak focusing effect,
which contributes to the horizontal focusing. This effect however becomes small in large
accelerators.

The solutions of the Hill’s equations along one each transverse plane u = {z,y} read:

up(s) = ay/Bu(s) cos(pu(s) + pru,0)

, (2.5)
a .
ulﬁ(s) = T T [au(s) cos(fu(s) + Mu,O) + sin(uu(s) + /~Lu,0)
Bu(s)
. , du . ) 5 ds )
with v/ = — a particle’s divergence. p,(s) = [rad] is the phase advance,
ds 0 Buls)
and its normalisation to 27 represents the number of oscillations per turn, called tune:
1 [ d
Qu=— & The Twiss parameters ,, B, and 7, satisfy
2m 0 6u(8)
1dp 1+ a(s)?
_ % =\ 2.6
O[(S) 2d5, ’Y(S) /8(5) ( )

B(s) [m] is a periodic function, called beta function, and is determined by the focusing
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2.2. Motion of charged particles in synchrotrons

properties of the lattice. a? is the Courant-Schnyder invariant, so that:

a® = vu(s)u(s)? + 20y, (s)u(s)u'(s) + Bu(s)u'(s)?. (2.7)

An example beam particles distribution in the phase space (u,u’) is shown in Fig-
ure 2.4. Turn after turn, the position u and divergence v’ of a particle evolve in the phase
space with describing a ellipse, parameterised by the Twiss parameters at the considered
position s.

The geometric emittance e [rad m] is defined proportionally to the area of the ellipse
containing a given proportion of the beam particles: € = 7ra?. Assuming a Gaussian beam
along each transverse plane, the 1-0 emittance will be considered in the following, which
includes 68% of the beam particles. Along the machine, the shape of the ellipse varies but

its area remains constant in the absence of energy change.

u’ (rad)

: 68% beam particles

- \T/;

—— u(m)

(X\(—//

Transverse

particles’ /
distributii)n/
o

Figure 2.4: Beam particle ellipse distribution in the transverse phase space, and projection
along one axis.

u (m)

For a Gaussian beam profile, the transverse beam size o, along one plane is defined

as:

Ou = VEuPu - (2.8)

When particles are accelerated, their longitudinal momentum component is in-
creased, and the particles’ divergence u’ decreases. The phase space ellipse area shrinks,
and so do the geometrical emittance and the beam size. This effect is called adiabatic

damping. Since the geometrical emittance is not constant along the acceleration cycle, the
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2.2. Motion of charged particles in synchrotrons

normalised emittance &, is introduced, which takes into account the relativistic beta S,

with ¢ the speed of light and gamma ~, factors:

en = Bryre, ¢ 1 ) (2.9)

"=

A mono-energetic beam was considered so far. In practical cases, most particles
circulate with a momentum different from the one of the synchronous particle pg: p = pg+
Ap. Each dipole bends the particles’ trajectory according to their momentum: particles
with a higher momentum circulate on a larger orbit compared to particles with lower
momenta. The beam momentum spread therefore leads to a horizontal beam broadening.
This effect is characterised along the machine by the dispersion function D(s) [m], which

relates the momentum deviation Ap to a transverse deviation z(s) as:

A
zp(s) = D(s)=L (2.10)
Po
The equations of motions can be adapted to account for this effect:
1 Ap
'+ +Ek(s)) = ——
(pZ(s) ) p(s) p (2.11)
'~ yhk(s) = 0

and the new horizontal solution z(s) equals the mono-energetic one z4(s), with a broad-

ening term:
A
2(s) = 25(s) + D(s)pl . (2.12)
0

A complete expression of the beam size is given by

ou(s) = [22 £ul9) + (D(s) 2L

Po
oy(s) = /ey By(s)

(2.13)

A vertical dispersion term may also arise from non-perfect magnets alignment.

The spread of the phase-space ellipse of the LHC beam is limited by a beam colli-
mation system [17]. Its main purpose is to minimise the amount of unavoidable lost parti-
cles hitting the superconducting magnets, keeping the deposited energy below quenching

thresholds. The collimation system also contributes to limit radiation towards the acceler-
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2.2. Motion of charged particles in synchrotrons

ator equipment and minimises background in the experiment’s detectors. The particles at
the periphery of the beam, constituting its halo, are “trapped” by the numerous collima-
tor jaws, placed close to the beam, and the remaining core beam is called the transverse

envelope.

The longitudinal particle motion is ruled by RF voltage, and a similar periodic os-
cillation pattern is observed with a time delay from the ideal synchronous particle. The
synchrotron tune Qs = ws/wrey is defined as the ratio between the angular frequency ws

of these synchrotron oscillations, and the angular beam revolution frequency wyey .

Another notable consequence of the momentum spread is chromaticity. A quadrupole’s
focusing strength acting on particles is a function of a particle’s momentum. Off-momentum
particles therefore experience a betatron tune shift AQ compared to the betatron tune of

the synchronous particle (). This effect is quantified by the chromaticity &:

AQ _ . Ap

0 ~Eo (2.14)

Although introduced by the lattice itself, this effect is unwanted: particles reaching an in-
teger tune would meet a beam resonance and their oscillation amplitude would grow until
the particles are lost. Chromaticity can be controlled by introducing sextupole magnets,

which provide an energy-dependant focusing effect.

Basic transverse beam dynamic notions were presented in this section. While exter-
nal EM fields are used to accelerate, guide and focus the beam, particles also perceive the
fields generated by their fellow circulating particles. The subsequent Space Charge (SC)
effects scale with the beam intensity and can be either direct, or indirect, when involving
particles interaction with the beam chamber walls. The first effects are proportional to
— and are negligible for ultra-relativistic beams compared to indirect space charge in-
&zractions. With possible consequences on beam particle motion, machine performance
limitations and impact on accelerator components, the second phenomenon is introduced

in the following section. Detailed descriptions of these concepts can be found in Refer-

ences [18-20].
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2.3. Wakefield and impedance concepts

2.3 Wakefield and impedance concepts

A particle of charge ¢ moving in free space at a velocity v generates electromagnetic
fields. In the ultra-relativistic case, the field lines contract into a disk perpendicular to
the particle’s motion direction, with an opening angle ¢ scaling with 1/+,. This case is
represented in Figure 2.5 left. The same conclusion applies to a particle travelling in a
constant cross section (smooth) pipe with perfectly conducting walls, depicted in Figure 2.5

right.

<l

Figure 2.5: Electric field of a relativistic point charge moving along z in free space (left)
and in a constant cross-section geometry with perfectly conducting walls (right).

In the more general case where a relativistic charged particle travels through a
beam pipe of finite conductivity or faces changes in the pipe cross section, as illustrated
in Figure 2.6, the generated electromagnetic fields are distorted compared to the free
space case to satisfy the boundary conditions imposed by the walls. The passing particle
generates so-called wakefields that cause forces on the trailing particles altering their
motion. For some simple geometry cases, analytical expressions can be derived by solving
Maxwell’s equations. In most practical cases, wakefields are computed using numerical

methods with dedicated software like CST Studio [21].

Figure 2.6: Point particle of charge ¢ traversing a cavity with finite conductivity walls,
followed by a trailing particle of charge gs.

A general case is considered in the following, where a trailing test particle of charge

q2, With the transverse position vector 73, travelling behind a source particle of charge
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2.3. Wakefield and impedance concepts

q1, with the transverse position vector 7i. In the Cartesian coordinate system (Z, ¥,
Z) considered here, both the source and the test particles are travelling along Z, with
respective offsets ¥1 = (x1,y1) and 73 = (z2,y2). The test particle travels at a distance
§=z1 — 29 =T, or arrives with a delay 7 behind the source particle. The Lorentz force

it perceives from the EM fields generated by the leading particle is:
F(ri,73,t) = @[E(ri,73,t) + 7 x B(17,73,1)], (2.15)

where E and B are the electric and magnetic fields generated by the source particle
respectively.

The time-space dependent wakefields generated by the source particle ¢, travelling
with constant velocity v, will only affect the trajectory of the test particle ¢o, which follows

at some constant distance s, through a change of its momentum Ap:

o0
—

Ap(ri, r3) =/ F(ri,r3,t) dt. (2.16)

2.3.1 Definitions

The wake function @(s) is defined for a point source as:

1 oo,
tﬁ(ﬁ,r_ﬁ;s):—/ F(ri,r,t) dz, t=—+T, (2.17)
9 J -

so that Ap = % q1q2 W(s). The wake function of a beam chamber piece or accelerator
component corresponds to the response of the system to a pulse excitation, equivalent to
a Dirac delta function, and is independent on the beam properties.

The wake potential W(s) is defined in the case where, instead of a point charge,
the considered excitation source is a bunch of particles of longitudinal charge distribution

oo

A(z), and total charge ¢ = / A(z) dz. The wake potential is equal to the convolution
—00
of the wake function with the source charge distribution:

o0 !
Wirioris) = [ s +2) 25 (2.18)
—00 q1

The force F (r1,73,t) perceived by the test particle can be decoupled into longitudinal
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—

(F)) and a transverse (F'|) components, which can be treated separately:

F”(r_i,r_é,t) = QQEH y (2.19)

—

F(r1,75,t) = @[E, + (§x B).]. (2.20)

The same applies to the wake function and wake potential, respectively noted w) and W)
in the longitudinal direction, and @, and 1474 | in the transverse plane.

The Panofsky-Wenzel theorem demonstrates, that for constant particle velocities,
the rotation of the momentum change vector is null: V x gp = 0. Therefore follows the
longitudinal wake function is the derivative of the transverse wake function with respect
to s:

w)(s) = aau_}l(s) . (2.21)

w) has the dimensions [V/C] and @ [V/C m].

2.3.2 Longitudinal properties

When considering ultra-relativistic particles with trajectories parallel to Z, since F| has
only electrical field components, B is purely transverse. At a given distance s of the test
particle from the source particle, the longitudinal wake potential therefore corresponds
to the voltage gained by the unit test charge due to the longitudinal wakefields. The
wake function at s = 0 corresponds to the energy lost by the source particle due to the
generation of the wake. This energy stored in the wake fields will either (1) be trapped
in the structure, in which the resonant modes will oscillate until the energy dissipates in
the non-perfectly conducting walls or in specifically designed absorbers, or be transferred
to the following particles, possibly driving beam instabilities, or (2) travel as guided EM-
waves in the accelerator beam pipes, if satisfying the boundary conditions given by the
beam pipe cross-section, or otherwise unguided.

In circular accelerators it often is more convenient to address beam dynamic prob-
lems in the frequency domain. The longitudinal beam-coupling impedance Z) is introduced
for this purpose, and is the analogue quantity of the wake function, expressed in the fre-
quency domain and is obtained from its Fourier transform:

. js
Z)(r1,72;w) :/ w(ri,73;8) e v

— 00

% Ql, (2.22)
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where j is the imaginary unit and w = 27 f the angular frequency. It is a property of a
given vacuum chamber or accelerator component, and a complex quantity of the frequency,
with a resistive Re(Z) and a reactive Im(Z) part. Because the wake function is real, Re(Z)
is an even and Im(Z) an odd function of the frequency. A strong coupling between the
beam and a vacuum chamber component occurs if both the vacuum device impedance and
beam spectrum have high values at a given frequency.

In the case of axi-symmetric structures, the source (or beam) charge can be consid-
ered as a superposition of charged rings, excitino% azimuthal modes. The subsequent EM
fields can be expanded into a multipole series Z cos(md) in a cylindrical frame (r,0,2),
and so can be the resulting wakefield and impecrinazrfce, which are integrals over these fields.

In the ultra-relativistic limit, it can be shown that:

oo
Zy(r1,72,0;0) = Y 15 2y (w) cos(mb),  m >0, (2.23)
m=0
where Zj| ,,, has the dimension [Q2/m?™]. For such structures, close to the beam axis, Z| is
dominated by the monopole term m = 0, which is independent on the transverse position

of the beam particles.

2.3.3 Transverse properties

In the transverse plane, the wake potential represents the transverse momentum pertur-
bation (“kick”) perceived by the test particle.
The transverse beam-coupling impedance Z | is defined as:

Jws
= 2PN B e - ds -1
Z(r,m;w) =7 Wy (ri,73;8) e v — [Qm . (2.24)
v

—0o0

Similarly to the longitudinal impedance, Z | can be expanded in a multipole series of the
source and test particles with transverse offsets. The Panofsky-Wenzel theorem relates

the longitudinal and transverse impedance components by:

—

— V= —
ZJ_(OJ, 7’2) = ;VJ_ZH(W, 7‘2) s (2.25)

where V | only acts on the r3 coordinates. It follows that, in the case of axi-symmetric

structures and for small displacements, the transverse impedance is dominated by the
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dipole mode m = 1. Neglecting second order and coupling terms, in the frame represented

in Figure 2.2, its components can be approximated to:
Zgy(w) = 11 Z9P (W) + 12 Z32 (), (2.26)

where ng}j’ is called dipolar (or driving) term and Zg};ad quadrupolar (or detuning) term.
For resistive wall contributions in axi-symmetric structures, this last term becomes negli-

gible if the considered beam is ultra-relativistic.

2.3.4 Wakefield sources

The beam-coupling impedance of a given vacuum device in an accelerator can be domi-
nated by geometrical or resistive wall effects.

Cavity-like structures traversed by a charged particle beam behave like a passive
resonant cavity. Their impedance is equal to the sum of the contribution of each resonant
mode 4, each characterised by a shunt impedance R;; [}] (longitudinal modes), a trans-
verse resistance R ; [ m 1], and a quality factor Q; for a specific resonant frequency Wr .

The resulting resonator model for i separate modes reads:

Zy(w) =" Rjj - w) (2.27)

i 1+jQi(
Wr w
Zi(w) =Y 2 Ry o (2.28)
e
i + jQ; o w

The beam excited modes trapped in the vacuum structure are often characterised by a
series of narrow-band resonant peaks in the frequency domain, and can oscillate for a long
time in the structure after the bunch passage.

Beam chamber walls with poor electrical conductivity lead to pulling or decelerat-
ing forces, which are proportional to the beam current. Several regimes can be identified,
depending on how the frequency-dependent skin depth compares to the wall thickness of
the vacuum chamber. The resulting wakefields may generate broad-band impedance con-
tributions, which increase with the resistivity of the wall material and with the proximity

of the beam to the resistive wall, particularly in the transverse plane.

Each vacuum chamber component of an accelerator can be represented in the fre-
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quency domain by its beam-coupling impedance, and assuming no or only negligible EM
coupling is present between those components, the impedance model of the entire machine
is obtained by summing the impedance contributions of all individual vacuum components.

Such a model is valuable to study beam instabilities potentially caused by wakefields.

2.3.5 Impacts of wakefields

In some cases, wakefields can generate heating of vacuum components and affect the beam

stability.

2.3.5.1 Beam-induced RF heating

The energy dissipated into the walls of the vacuum component due to wakefields induces
a heating of the wall material of finite electrical conductivity and therefore may damage
the equipment. In case high temperatures are reached locally, outgassing from the beam
chamber may also occur.

For devices traversed by a single beam, this effect is driven by the real part of
the longitudinal coupling impedance Re[ZH]. In a circular machine, the power lost by a
circulating beam of current I, and normalised power density spectrum A(w), interacting

with a component of impedance Z is given by:

P

Ploss = 2L0am > |A(pwrev)|” Re[Z) (p wrev)] (2.29)

p=0

where wrey = 27 frev is the angular revolution frequency, and the sum is made over the
beam harmonics pwyey . The beam spectrum, which is related to the bunch length, also
plays an important role in the dissipated power. To limit RF heating related issues, the
bunch length of the LHC was already increased during Run 1. Careful attention also was
taken to minimise the impedance of each accelerator component being part of the vacuum
system by optimising its design. A numerical analysis of the eigen-mode patterns was
performed for resonant structures, enabling to guide the design and estimate which area

of the vacuum structure may suffer from beam-induced RF heating.

2.3.5.2 Beam stability and effective impedance

Acting as external EM forces, wakefields can also affect the beam dynamics, potentially

leading to emittance growth or triggering beam instabilities. A beam instability limit is
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defined through the maximum beam intensity ensuring a safe operation of the accelerator.
Therefore, impedance thresholds or budgets can be imposed to limit impedance-driven
instabilities and enhance the machine performance.

Different types of instabilities can be induced by the wakefields, e.g., depending on
their decay time: short-range wakes generated by the head of a bunch can impact the
motion of the particles at the bunch tail (head-tail coupling), while multi-bunch or even
multi turn instabilities may arise from narrow-band impedance sources, and are caused by
long-range wakes.

A quantity called the effective coupling impedance was introduced for both, the

longitudinal (Z” /n)esr and the transverse (7))o planes, specifically to study single bunch
w

instabilities. Here, n designates the revolution harmonic number n = . The effective

Wrey
impedance is defined as the convolution, i.e. a multiplication in the frequency domain, of
the coupling impedance and the normalised beam spectral density h;(w) for a specific type
of oscillation mode [ of the bunch:

o0

> Z)(w) I ()
1\ =
(5 < (2:30)
> ()
p=—00
Z Z (W' 4 wg) ly(w' + wg — we)
(Z1)et = x5 . (2.31)
Z hl(w +w5 —(,Ug)
p=—00

with W' = pwrey + lws, ws being the angular synchrotron oscillation frequency, ws the
betatron angular oscillation frequency, and we the frequency shift due to the chromaticity.
[ = 0 represents no bunch oscillation, therefore the unperturbed bunch distribution, and
higher order modes (I > 0) correspond to oscillations of the bunch, e.g. dipole mode for
[ = 1, quadrupole mode for [ = 2, etc.

For long bunches compared to the beam chamber aperture, as it is the case in the

LHC, (Z)/n)egr is constant and purely imaginary.
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2.3.6 Conclusion

Wakefields can lead to challenges in the beam operation, impacting the beam quality and
even damaging accelerator equipment. Wakefield effects are proportional to the beam
intensity. With the upcoming increase of the LHC beam intensity towards the HL-LHC
upgrade, a careful limitation and accurate estimation the beam-coupling impedance of the
overall machine are critical to optimise its performance.

The impedance footprint of a given accelerator component can be characterised for

both the longitudinal and the transverse plane by two contributions:

e a broadband contribution, called the effective impedance, which is constant and

purely imaginary at low frequency,

e and resonant modes, each represented by a shunt impedance, quality factor and

resonant frequency.

The quantities introduced in this section will be used in Chapter 6.
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Chapter

Transverse beam size and profile

monitoring in the LHC

The transverse emittance is a particularly crucial beam parameter impacting the LHC
luminosity. Its preservation, and thus the optimisation of the LHC performance, rely on a
precise monitoring at all stages of the machine energy cycle. With high intensity and high
energy, the LHC hadron beams present a particular challenge in terms of instrumentation
and diagnostics, given the high power carried by the beam and the need to provide a
non-invasive measurements, preserving the beam quality for the physics experiments.
The transverse emittance can be derived from a beam size measurement at any

location along the ring:

e /3(18) o - (D(S)Af)z} . (3.1)

Locations with negligible dispersion are preferred to perform the beam size measure-
ment, in which case the emittance can be derived with knowing the beam optics functions.
When this is not the case, deriving the transverse emittance requires knowing dispersion
and momentum spread.

Several types of monitors have been used or considered to measure the LHC trans-
verse beam profile. All of them are installed around the Interaction Point 4 (IP4), as
illustrated in Figure 3.1, which corresponds to the straight section of the LHC hosting the
accelerating RF cavities, where the beam optics remain by design almost identical along

the acceleration cycle, and where the dispersion is low.
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Figure 3.1: Location of the beam size instruments around the LHC IP4. The position of
dipole (D) and quadrupole (Q) magnets are indicated.

3.1 Beam intercepting wire monitor

Each LHC beam is equipped with two Wires Scanners (WS) [22] for beam size measure-
ment along each transverse plane. These instruments, schematised in Figure 3.2, consist
of a thin carbon wire, which is passed through the beam at a speed of 1ms~!. The
beam-wire interactions generate radiation showers, detected downstream by scintillating
detectors, coupled to Photo Multiplier Tubes (PMTs). As the wire traverses the beam,
the emitted radiation, and therefore the current issued from the PMTs, is proportional to
the beam density at the wire position, which allows to reconstruct the beam profile along

each transverse plane.

PMT
current

Photo-Multiplier
* wire positi:)n Tube (PMT)

Wire Scintillating
scanner \ \ detector
Beam \\/

Beam chamber

Figure 3.2: Functioning principle of a wire scanner. The beam profile is reconstructed
with considering the intensity recorded by the detector as the wire traverses the beam.

The WS are considered to provide very accurate measurements thanks to the high

33



3.2. Synchrotron radiation based monitor

resolution in the wire position, in the order of 11m, and to the low wire thickness (36 pm
at the LHC). The wire scanning speed however limits the usage of the WS to low intensity
beams, in order to avoid wire breakage or quenching of the downstream superconducting
magnets at collision energy, caused by the WS radiation. Although unable to monitor
the bunch-by-bunch beam size during physics fills, the LHC wire scanners provide the

reference beam size measurement and serve to calibrate other beam size monitors.

3.2 Synchrotron radiation based monitor

The parasitic Synchrotron Radiation (SR) emitted by highly relativistic charged particle
beams when deviated is commonly used for non-invasive beam diagnostics in high en-
ergy synchrotrons. At the LHC, the Beam Synchrotron Radiation Telescope monitors
(BSRTSs) [23] measure the size of the beam by imaging the SR generated by a separation
dipole D3, intended to deviate the beams to make room for the RF accelerating cavities.
The synchrotron light is extracted from the beam chamber thanks to a mirror placed
about 20m downstream via a view port. It is then transferred to an optical bench and

collected by an intensified camera.

optical camera
system L
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beam N\

mirror
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Figure 3.3: Functioning principle of the LHC BSRT.

At low energy, an undulator installed upstream of the dipole enhances the visible
component of the generated SR. As the beam gains energy during the ramp, the wavelength
spectrum of the generated SR shifts and the dipole becomes the main source of SR of the
BSRT.

Due to the complexity of the radiation source, and to the diffraction introduced by
the long optical path, a large correction has to be applied to the measured profile in order to
reconstruct the beam size. The BSRT is therefore calibrated with the WS at injection and

collision energies. It provides a continuous and non-invasive average and bunch-by-bunch
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3.3. Beam-gas ionisation based monitor

beam size measurement during these two steps. During the energy ramp however, the
source change prevents a meaningful measurement. Interferometry techniques are under

study, for a SR based monitor to provide an independent beam size measurement [24].

3.3 Beam-gas ionisation based monitor

Beam Gas Ionisation monitors (BGIs), also known as Ionisation Profile Monitors (IPMs),
were installed on the IP4 of the LHC, in addition to the previously described monitors.
Their principle is based on the ionisation of residual or injected gas by the beam. The
resulting electrons are accelerated towards one side of the vacuum chamber, thanks to a
strong transverse electric field. On the LHC devices, depicted in Figure 3.4, the ionisation
electrons are multiplied by a Multi-Channel Plate (MCP), before reaching a phosphor
screen, which illuminates the electrons distribution. The resulting image is then trans-
ferred to an intensified camera located outside the beam chamber, by a dedicated optical

system.
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Figure 3.4: Functioning principle of the LHC BGIs. (Courtesy J. Storey)

These instruments however suffered from beam-induced RF heating and radiation
damages from the ionisation electrons, which caused an in-homogeneous ageing of the
MCP and phosphor screen. Measurements comparison with other profile monitors also
revealed profile distortions, due to both material ageing and space charge effects, at beam
energies above 4 TeV [25]. The BGIs could therefore not be used to provide a reliable LHC

beam size measurement and were removed from the machine.
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3.4. Beam-gas hadronic interaction based monitor

A new BGI design is being deployed at the PS [26] and SPS, where the electron profile
is directly detected by a Hybrid silicon Pixel Detector (HPD) placed inside the vacuum
chamber. This design will be adapted for the LHC, tackling the issues encountered by the
previous version, and new BGlIs should be installed in the LHC during LS3.

3.4 Beam-gas hadronic interaction based monitor

The idea to use inelastic hadronic interactions to measure the beam size emerged from
promising results obtained by the LHCb experiment [27]. The VErtex LOcator (VELO)
detector of LHCb demonstrated the feasibility to image the LHC beam profile at collision
energy, with reconstructing beam-beam or beam-gas interaction vertices, via means of
secondary particles tracking [28]. A beam profile image is obtained from the accumulation
of vertices over time.

To perform this measurement, the VELO detector layers are brought close to the
beam, which is only allowed at collision energy, when the beam size is small. These results
therefore only concern 7 TeV beams.

A demonstrator instrument exploiting this principle [1,29,30] was conceived, in-
stalled and commissioned during Run 2 to study the possibility to monitor the beam size
and profile throughout the full LHC energy cycle. Such a device is called Beam Gas Vertex
monitor (BGV). Figure 3.5 presents the working principle of the BGV:

e The beam traverses a gas target, the pressure of which is adjusted to generate the

desired interaction rate;

e Inelastic hadronic interactions between the beam particles and gas nuclei generate
secondary particles, which traverse the beam chamber and are detected by tracking

detectors, placed outside of the LHC vacuum;

e Reconstruction algorithms process the tracker information to reconstruct the interac-
tion vertices: the secondary particles transverse positions recorded by the detectors,
hits, are associated to reconstruct their trajectories, tracks, and a vertex position is

computed from a collection of synchronous tracks.

e The beam profile image is unfolded from the density distribution of the reconstructed

vertices.
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Figure 3.5: Functioning principle of the BGV.

The demonstrator BGV, shown in Figure 3.6, was built in collaboration with the
LHCDb experiment and installed on the LHC Beam 2. Its gas target consists of a 1.8m
long tank containing Neon at a 10 x 10" mbar pressure. The instrument’s tracker was
built using scintillating fibre modules, read out with silicon photo-multipliers, originally
developed for the LHCb SciFi detector upgrade [31]. The measurements and the per-
formance of this instrument are presented in [8]. The demonstrator instrument did not
achieve vertex reconstruction. However, a correlation method was used, which allowed
to provide horizontal and vertical average beam size measurements, in good agreement
with the WS and BSRT, all along the acceleration cycle. Beam size measurement during
the ramp in particular had not been achieved yet by any other instrument at the LHC.
An average beam size precision in the order of 3% was reached for an integration time of
about 1min. This device thus successfully demonstrated the feasibility to use beam-gas
hadronic interactions to measure the beam size along the LHC cycle, without needing
cross-calibration with another monitor.

Despite its promising results, this system is not maintainable by the beam instru-
mentation team in the long term, partly due to dependencies of the event reconstruction
tool on a no longer maintained LHCb computing framework. At the end of Run 2, its oper-
ation was deemed potentially beneficial for the upcoming LHC runs, but a greater interest
was found in the development of an operational BGV, capable of vertex and therefore

beam profile reconstruction for the HL-LHC.
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Figure 3.6: Picture (top) and scheme (bottom, courtesy R. Kieffer) of the demonstrator
BGYV installed in the LHC.

3.5 Summary

The beam size monitors currently operated at the LHC present limitations related either
to the beam intensity or to its energy. There is currently no emittance measurement
available during the energy ramp, which notably is a break for studying emittance growth
mechanisms [32]. Besides, a discrepancy in the order of 10% was observed between the
LHC emittance measurements obtained from the beam instruments and from the high

luminosity producing experiments luminosity measurements during Run 2 [33].
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3.5. Summary

At the end of this Run, a beam size measurement review was held, and the need
was emphasised for a non-invasive instrument capable to provide an absolute bunch-by-
bunch transverse beam size and profile measurement throughout the LHC energy cycle,
for all beam intensities [34]. With the encouraging results obtained with the demonstrator
BGYV, this conceptual instrument, together with an adapted HPD BGI, were selected as a
potential candidates to meet the specifications towards the commissioning and operation
of the HL-LHC. This thesis presents part of the work leading to a BGV design proposal
for the HL-LHC (HL-BGV) [2].
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Chapter

Requirement for a HL-LHC BGV

Performance specifications for a new beam size monitor for the HL-LHC, complementary
to the existing devices, were addressed at the 2019 LHC beam size review [34], and are
discussed in this chapter. The design of the BGV is driven by the beam size at the foreseen

instrument installation locations, and by these specifications.

4.1 Possible instrument locations

The demonstrator BGV was installed to the left of IP4, at a distance of about 220 m from
its centre, between the quadrupoles Q6 and Q7, as shown in Figure 3.1 in the previous
chapter. Its position is also noted —220 m, the minus sign referring to the left-hand side
of the IP. A large space was reserved for the BGV in 2013, before the installation of the
demonstrator, which spread from —200m to —244m. Another space was symmetrically
allocated to the future Beam 1 HL-BGV (B1-BGV), on the right side of the IP. The main

arguments considered for finding suitable locations for the two devices were the following:
e A longitudinal free available space of at least 7m;

e Beam optics stability along the energy cycle, and low beam dispersion, as is the case

by-design around IP4, which is partly dedicated to beam instrumentation;
e [-functions values:

— Sufficiently high g-functions, leading to large beam sizes, to relax the vertex
resolution required to achieve the targeted accuracy, as will be detailed in Sec-

tion 4.3.2;
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4.2. Expected beam size

— Moderate S-functions, to allow for a small aperture chamber downstream of the
gas target. It will be shown in the following chapter that the instrument perfor-
mance is enhanced with placing the tracking detectors close to the beam axis,
where the secondary track density is high, in particular with high momentum

particle tracks;

— [ values as close as possible between the two locations, in order to avoid major

design differences between the two instruments;

e Secondary showers directed towards the arcs, to prevent radiation damages to sen-

sitive equipment downstream of the gas target;

e A round beam is preferred (but not required), leading to similar vertex and thus

beam size resolutions in both transverse planes.

Years after these space reservations were made for the BGVs, the HL-LHC beam
optics have changed: the optics version 1.5 is plotted in Figure 4.1 for each beam. The
initially reserved spaces are indicated with the purple rectangles, and the precise location
of the demonstrator BGV with the magenta one. On Beam 2, the HL-BGV (B2-BGV) is
foreseen to be installed in place of the demonstrator. The situation is more involved for
the BB1-BGV, since the S-function along y is lower than 100 m at the initially reserved
space (right purple zone in Figure 4.1a), leading to very small beam sizes and demanding
vertex resolutions along y for this instrument.

A new suitable location was hence chosen for the B1-BGV, closer to the IP centre,
which is indicated in orange in Figure 4.1a. Despite the presence of some beam instruments
downstream of this place, it is one of the rare regions of this long straight section offering

a sufficiently long free space and meeting the above-listed constraints.

4.2 Expected beam size

The beam sizes o0, , expected along each transverse plane x and y of these two location are
summarised in Table 4.1. Their expression as a function of the beam optics is reminded

from Chapter 2:

Oay(s) = \/ o Boy(3) + (D5 A;’)Q. (4.1)

These values are computed from the HL-LHC beam parameters given in Table 2.1 of

Chapter 2 (from Ref. [4]), and from the beam optics functions shown in the previous
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4.2. Expected beam size

Beam 1 optics around IP4, round B* = 15cm scenario, v1.5
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Figure 4.1: Beam optics around IP4 for Beam 1 (4.1a) and Beam 2 (4.1b), at both injection
(dashed lines) and collision (full lines) energy. S-functions are shown in blue for the x plane
and green for the y plane, and dispersion functions D in purple (x plane) and orange (y
plane). The initially reserved spaces for the BGVs are shown in purple, and the new
location targeted for the B1-BGV is indicated in orange.

section. At these two locations, the dispersion term contributes at most for 0.4% of the
beam size (where the dispersion has the highest value, which corresponds to the B2-BGV
location and at collision energy). Therefore, in the following, the measured beam size will

be approximated to its 8 term:

Ozy(8) = \/ €zy Bary(s). (4.2)
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4.3. Instrument performance requirements

Two beam filling scheme are currently distinguished at the LHC, called Standard
and Bunch Compression Merging and Splitting (BCMS) [35]. BCMS beams have smaller
transverse emittance at injection from the SPS (obtained via complex RF manipulations at
the injectors), and consequently narrower beam sizes. The same normalised emittance is
assumed between these two schemes at collision energy, which is estimated with accounting

for the currently known blow-up effects along the acceleration cycle [4].

Table 4.1: Expected beam sizes at B1-BGV and B2-BGV locations.

Beam size 0, /0, (1m)
Instrument | Energy ) .
Standard filling scheme ‘ BCMS filling scheme
BLBGV 450 GeV 1180/1180 ‘ 1120/1060
7TeV 468/355
450 GeV 803,/843 | 764,758
B2-BGV | 7TeV 232/246

A beam size evolution of one order of magnitude is observed during the cycle going
from about 1 mm down to about 200 pm. With lower S-functions, B2-BGV will measure
beam sizes smaller by few hundreds of pm compared to the other instrument. The smallest
size among all cases is highlighted in bold and will be used to calculate the required

instrument vertex resolution, driving design choices, as will be discussed in Section 4.3.2.

4.3 Instrument performance requirements

The accuracy of a set of measurements represents how close the measured values are
from the true one. For independent Gaussian-distributed measurements, their precision
corresponds to the width of their distribution, as illustrated in Figure 4.2 for an arbitrary
quantity x [36].

The specifications for the future instrument are presented below, together with their

meaning for the HL-BGV.

4.3.1 Specifications and motivations

The specifications for the future instrument concerning operation with proton beams are

the following [34]:

1. 10% accuracy on the emittance measurement, without need for cross-calibration with

another device;
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Figure 4.2: Distribution of independent and repeated measurements of a quantity x. The
true physical value is zg and the measurements mean T eas-

2. 1% bunch width precision within 1 min of integration time!;

3. Continuous measurement throughout the LHC energy cycle, in particular during the

energy ramp;
4. For all beam intensities, i.e. number of bunches and bunch populations.

These specifications are driven by HL-LHC performance and machine optimisation
needs: for an accurate determination of the collider luminosity and towards identifying
potential sources of emittance growth and bunch-by-bunch luminosity variation. The
integration time of 1min corresponds to typical time scales of the machine operation
processes, like optics changes and energy ramp.

In addition, measuring the beam profile, i.e. the projection of the particle distribution
along the transverse axes, was also deemed beneficial for accurate luminosity predictions
and to study tail population mechanisms and effects that are sensitive to it, like electron
clouds and beam-beam effects.

The requirements are the same for ion beams operation. Since ion runs are usually
short (in the order of a month), an additional request is made to avoid lengthy calibration

procedures.

Considering a negligible contribution of the dispersion at the BGV locations, and as-
suming that the beta function at these places is known with an error smaller than 5% [37],
requirement 1. , which is expressed in terms of emittance, leads to 5% relative accuracy

on the measured beam size. This is demonstrated in Appendix A.

'In order to sort data bunch by bunch, the data acquisition system is connected to the LHC control
system.
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4.3. Instrument performance requirements

For the BGV, these specifications drive the required vertex resolution and interaction

rate.

4.3.2 Measurement accuracy and vertex resolution

The BGYV principle is based on the reconstruction of beam-gas inelastic interaction ver-
tices. The beam profile is obtained from the transverse distribution of reconstructed
vertices, after deconvolution of the vertex response of the instrument. The response func-
tion (identified in blue in Figure 4.3) is characteristic of the instrument and is defined as
the distribution of residuals between reconstructed and true vertex positions, for multiple
independent measurements of a beam-gas interaction. In the following, the gas density is
assumed to be homogeneous, so that the distribution of beam-gas interactions is represen-

tative of the beam profile. This aspect will be discussed in Chapter 7.

BGV vertex reconstruction
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Figure 4.3: Convolution of the BGV measured profile with its response function, assuming
Gaussian distributions.

Considering a Gaussian beam and Gaussian response function, the deconvolution of

the beam width oy, from width of the raw measured profile opeqs is given by:
0 = 02 s — 02 (4.3)

where oty is the Gaussian width of the BGV response function. In this case, it can be
shown that, with neglecting the uncertainty on the measured profile (domeas — 0), the

variance formula for error propagation [38] relates the relative accuracy of the beam size
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oo .
measurement — to the vertex resolution as [39]:

ob
&& _ J\Qltx 6UVtX (4 4)
Ob Ug Ovix
oo
where —= is the relative uncertainty on the vertex resolution. This relationship high-

Ovtx
lights the importance of minimising oty (in particular ensuring it is small compared to

Ovtx

the beam size o), and/or to know it precisely, i.e. minimise , for an accurate beam

Ovtx
profile unfolding.
Based on Equation (4.4), and assuming that the vertex resolution is known with a
precision of 10%, which will be shown in Chapter 8 to be a fair and conservative approxi-

mation, the vertex resolution required to reach the accuracy of do, /o1, = 5% is given for

the smallest beam size configurations and for both instruments in Table 4.2.

Table 4.2: Minimum expected beam sizes at the HL-BGYV instrument locations, and corre-
sponding required vertex resolution to achieve a beam size measurement accuracy of 5%.
The case of B2-BGV at collision energy is given with more precision, as leading to the
most demanding vertex resolution.

Beam Beam size | Vertex resolution
Instrument
Energy op < Ovtx <
BLBCV 450 GeV 1060 750
7TeV 360 250
450 GeV 760 540
B2-BGV 7 TeV 232 164

The smallest beam size (o, = 232 pm) leads to oytx = 164 um, which is the target
vertex resolution for the future instrument. This requirement is relaxed to 540 pm at in-
jection, given the larger beam sizes. The beam sizes, and therefore the required vertex

resolutions are identical for both proton and ion beams.

The vertex resolution depends on several factors:
e The number of reconstructed tracks issued from the considered vertex Ni;

e The quality of these tracks, which relies on the secondary particle energy, traversed

material and intrinsic spatial resolution of the detectors;

e The distance between the vertex and the first detector layer;
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e The distance between the tracking detector planes.

Some of these factors relate to the BGV design, which shall be optimised to limit the
associated contributions. For a given instrument configuration, the vertex resolution still
depends on Ny, on the longitudinal position of the vertex z and on the multiple scattering
experienced by secondary particles, impacting the tracks quality. As a result, a selection
may be applied to filter events with an insufficient vertex resolution. This aspect will be
discussed in more details in Chapter 8.

The dependence of oytx on the minimum Ny considered is shown in Figure 4.4
for the final HL-BGV design. This result was obtained with the simulation and event
reconstruction tool described in Chapter 5. It can be seen that, for this configuration, a
vertex resolution of 164 pm, required for the B2-BGV measurement to reach a 5% accuracy
at collision energy, can be achieved with considering events reconstructed with 5 or more
tracks. Such a selection provides a very small margin but offers a better measurement
precision, as will be detailed in the following section. For this specific most demanding
case, a trade-off will have to be made between the measurement accuracy and precision.
In all the other cases presented in Table 4.2 (B2-BGV at injection energy and B1-BGV
at any beam energy), a beam width measurement accuracy of 5% can be reached with
considering all events with 3 or more tracks in the tracker acceptance.

Such selected events, i.e reconstructed beam-gas interactions with Ny, > 3 at in-
jection energy, and those with Ny, > 5 at collision energy, will hereafter be called useful
or reconstructable events. This event selection filter was considered along the instrument
design optimisation process, before a more refined vertex resolution parametrisation and
beam profile unfolding method was implemented, which will be presented in Chapter 8.

It can be noted that for the BI-BGV, the required vertex resolution to measure the
beam size with a 5% accuracy at any time of the cycle and in both planes is of about
250 pm at collision energy and 750 pm at injection energy. Following Figure 4.4, these

values can be achieved with considering all events with Ny, > 3.

4.3.3 Measurement precision and beam-gas interaction rate

Assuming that the transverse beam profile is Gaussian, the minimum achievable bunch
width precision Aoy, for a measurement made with Ny accumulated vertices, is given
by [36]:

Aoy, 1

= . 4.5
Op \/2Nvtx -2 ( )
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Figure 4.4: Vertex resolution of the final HL-BGV setup, as a function of the minimum
events Ny, used for the reconstruction, for 450 GeV events (grey) and 7 TeV events (green).
The horizontal dashed line indicates the target vertex resolution of 164 pum at collision
energy. Increasing error bars are due to the lack of statistics for events with large track
multiplicities.

To achieve a relative bunch width precision of 1%, the beam profile image therefore needs
to be made upon a minimum of 5000 reconstructed vertices. This number drops to 1250
if the relative precision is relaxed to 2%.

Considering an integration time of 1 min, the 1% relative precision requirement leads
to a rate of useful beam-gas interactions of 83 Hz, and 2% relative precision gives 21 Hz.
The rate of measurable interactions is determined by the gas density in the measurement

region. More details will be given in Section 5.2.2 of Chapter 5 and in Chapter 7.

4.3.4 Operation time

A minimum instrument operation time of about 2h per fill was estimated to be an asset
in order to measure beam size and emittance at the key phases of the energy cycle. This
estimate includes 1h at injection energy and during the energy ramp, and 1h at flat top
energy. This scheme would allow, if desired, to calibrate the BSRT at collision energy for
longer measurements. Depending on the number of fills per year, this scheme used for
each fill would lead to a total of about 400 h of BGV operation time per year, considering
only proton runs.

This minimum operation duration will be considered in Chapter 7 to evaluate the

impact of the gas target on the LHC radiation environment.
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4.4. Lessons learnt from the demonstrator operation

4.4 Lessons learnt from the demonstrator operation

The incapacity of the demonstrator to reconstruct vertices highlighted the importance of

carefully designing the future instrument. Several improvements are suggested.

The available equipment for the demonstrator tracker only allowed to mount two
detector stations. The addition of a third layer would greatly improve the track recon-
struction accuracy, along with providing a reference frame for a software alignment of the
detectors.

Furthermore, the scintillating fibre panels providing a uni-dimensional information
on the particle hits, two layers of these panels are needed to reconstruct a two-dimensional
hit position. In the event where two tracks traverse a detector at the same time, multiple
position possibilities are found, as illustrated in Figure 4.5. To overcome this issue and
identify the true cluster positions, two detectors are superimposed to build a tracking
plane, the second detector being positioned with a rotation angle w.r.t the first one.
Each tracking plane therefore consists in a stack of four scintillating fibre panels, which
represents a large amount of material to be traversed by secondary particles.

Particle
tracks

Strip detector:

] ! ! *:True hit

: ﬁ ﬁ K Ghost hit

Figure 4.5: Illustration of cluster finding difficulties with strip readout detectors. When
two tracks hit the detector at the same time, two channels per plane are fired, leading to
four possible hit positions.

The upstream distance from which vertices can contribute to the beam size mea-
surement is in fact limited by the extrapolation error from the deviations of particle tra-

jectories, due to the multiple Coulomb scattering? experienced when traversing the large

2Deviation of a charged particle trajectory when passing through a medium, due to repeated interactions
with the Coulomb potential of the material atom nuclei and electrons.
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amount of material introduced by these multiple detector layers. Lower material budget
detectors would therefore limit the extrapolation error and enhance the tracking precision.
The exit window also significantly contributes to this effect, although the design of the
demonstrator one was already optimised to this respect, as will be detailed in Section 6.4
of Chapter 6.

The insufficient average number of reconstructed tracks per event also limited vertex
reconstruction possibilities. With the forward nature of the beam-gas interaction showers,
the tracker acceptance can be optimised to improve the amount of tracks traversing the
tracker, with placing the detectors closer to the beam axis.

The lack of flexibility in the tracker design was generally considered as the main

obstacle against achieving vertex reconstruction.

Regarding the gas target, the possibility to reduce the longitudinal spread of the

recorded events was evoked as a mean to reduce the uncertainty on the vertex position.

4.5 Approach for the HL-LHC BGYV design

With a tracking detector aiming at reconstructing vertices, the BGV is a complex in-
strument compared to the existing equipment in the LHC. In addition to the previously
detailed requirements, the design of the future instrument should be kept as simple as
possible, for the instruments to be maintained and operated by a small number of people,
and should operate reliably, given the rare opportunities to access the LHC tunnels during
Runs.

A Monte-Carlo simulation tool was implemented to ease the navigation through the
instrument design parameter phase space, and guide design choices. This tool and the
main conclusions of the corresponding studies are presented in the following chapter.

This thesis describes part of the work that was done to propose a design for the
HL-LHC BGV. The design of the gas tank and of the gas target are detailed in Chapter 6
and Chapter 7 respectively, while Chapter 8 presents a method to determine the response
function of the instrument and unfold the beam profile.

The detailed HL-BGV design (hereafter called final design or revised design) and

its expected performance are presented in the instrument design report [2].

50






Chapter

Simulation tool for the BGV design and

performance study

In order to guide the design of the future instrument, a detailed Monte Carlo simula-
tion tool and event reconstruction algorithms were implemented to model the BGV and
study the impact of the main design parameters on the vertex resolution. This chapter
gives a description of these tools and discusses some of the results which led to the main

technological choices.

5.1 Simulation tool description

Generation of
beam-gas interactions
CRMC

Secondaries information

HepMC file
- Detector Tracks,
Propagation of hits Track and vertices Beam .
secondaries - i Beam profile,
d interacti vertex profile | == 1 am size
and interaction reconstruction unfolding

Geant4

Geometry description
GDML file

Geometry building
pyg4ometry

Figure 5.1: BGV simulation tool chain.
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5.1. Simulation tool description

The simulation chain of the BGV model! is schematised in Figure 5.1, and an exam-
ple of the main steps of a track and vertex reconstruction algorithm is shown in Figure 5.2.
The BGV simulation tool is organised as follows.

Beam-gas interactions are generated using the Cosmic Ray Monte Carlo (CRMC) [40]
interface, which allows to access a variety of hadronic event generators. The secondary
particle information, together with the instrument geometry description, built using the
pygdometry package [41], are read-in by the Geant4 [42] model, which propagates the
secondary particles through the geometry and simulates their interaction with matter.
The beam-gas interaction vertices are spatially distributed to model a given beam pro-
file shape and gas target density map. At the detectors’ location, the hit positions are
extracted event-wise, and Gaussian smeared, to model the detector resolution (digitisa-
tion). An event reconstruction algorithm then processes the recorded hits to reconstruct
the secondary particle tracks and interaction vertices. The final step to extract the beam
profile is to unfold the vertex resolution (response) from the distribution of reconstructed
vertices. This last step will be presented in Chapter 8.

Smeared

Geanta [ hits — — — .
hits | Digitisation | —— Track finding |— | Track fitting |— | Vertex fitting | — Vertices

Tracks

Figure 5.2: Example steps of a track and vertex reconstruction algorithm.

Details regarding the track and vertex reconstruction algorithm, which was imple-
mented by Bernadette Kolbinger, can be found in Ref. [2]. It mainly includes track fitting
and vertex fitting, for which several methods were tested. The track finding step, which
consists of associating hits to tracks, was omitted at this stage, and all hits are assumed
to be associated with the correct track without mistakes. Preliminary tests with the fi-
nal instrument geometry give confidence that a very high efficiency of this step can be
reached [2].

In the case of strip detectors, a cluster finding step is required after the digitisa-
tion step, consisting of associating horizontal and vertical hit information to locate the
transverse hit position.

For each event, the truth information on the vertex position and track characteris-
tics (momentum components, particle species) are extracted from Geant4 along with the

detector hit information. This feature allows for instance to compute the vertex resolution

"https://gitlab.cern.ch/hl-bgv/g4-bgv/- /tree/master/
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using the true vertex position, and allows to assess the performance of each step of the
reconstruction algorithm.

At various stages of the algorithm, selection filters can be applied on the hits, tracks
or vertices considered for the beam profile reconstruction (eg. small angle tracks, events

with a given track multiplicity or in a given region of the gas target, etc.).

As a first step in the design process, the secondary particle distributions are com-
pared in the following section. A simplified instrument geometry was then built and used
to study the effect of various gas target and tracker technologies on the instrument per-
formance. This is presented in Section 5.4. As the design progressed, the instrument
geometry was refined and the simulation tool helped to estimate achievable instrument

performance. The final instrument performance is presented in Chapter 8.

5.2 Beam-gas interactions and secondary particles propaga-
tion

The characteristics, i.e. particle species, multiplicity, angular and momentum distribu-
tions, of the generated secondary particles depend on both the impinging beam particles
and gas species. An accurate estimate of these characteristics is of high importance to

assess achievable instrument performance.

5.2.1 Gas species choice

Several constraints are imposed to the choice of the BGV gas target species, for the instru-
ments to be installed in the LHC. Firstly, the injected gas is required not to interact with
the chambers’ Non-Evaporable Getter (NEG) coating, which acts as a passive pumping
system. This implies the selection a noble gas. Moreover, the leak detection system of
the LHC relies on the detection of helium and argon, which discourages the usage of these
two species. For this reason, neon was chosen for the demonstrator target. At the time
of writing, no higher mass gases have yet been injected in the LHC vacuum and further
studies would be needed in order to assess the impact of such species on the saturation
of the ion pumps, required to pump out noble gases from the beam pipe. Neon therefore
remains the baseline choice for the BGV target. The impact of using gases of higher mass,

like argon and xenon, on the instrument’s performance will be discussed in Section 7.5 of
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5.2. Beam-gas interactions and secondary particles propagation

Chapter 7.

5.2.2 Interaction rate

For a given gas volume of longitudinal density profile p(z), the beam-gas interaction rate
R can be expressed as:

R = freVNa/p(z)dz, (5.1)

for a beam containing N particles and circulating with a revolution frequency frev =
11245 Hz in the LHC. The interaction cross section o can be scaled from the proton-proton
interaction cross section opp, as in Equation (5.2) [43,44] for proton-gas interactions (opx)
and estimated from Equation (5.3) for lead ion-gas interactions (opy-x ), as is suggested in

Ref. [45]. Here, the gas species is noted X, of atomic number Ax.

opx = opp X AYT (5.2)
opbx = opp X (Afy 4+ AY?)? (5.3)

As a matter of example, Table 5.1 lists the beam-gas elastic, inelastic and total
interaction cross-section and rates for proton and ion beams, for a 1 m long neon gas target
at 1 x 10~ "mbar. The HL-LHC beam parameters considered are taken from Table 2.1

from Chapter 2.

Table 5.1: Cross-sections and interaction rates for a 1m long neon gas target at
1 x 10" mbar.

p runs Pb runs
450 GeV 7TeV 450 GeV 7TeV
Cross. total otot 400 mb 480 mb 3.0x10°mb 3.6 x 103mb
section inelastic ginel 280 mb 330 mb 2.5 x 103 mb 2.9 x 103 mb
elastic o 130mb 160 mb 0.13 x 10°mb  0.16 x 10> mb
Interaction total Rtot 750kHz 900 kHz 2.0kHz 2.3kHz
rate inelastic R"! | 510kHz 600 kHz 1.6kHz 1.9kHz
(entire beam) elastic R®! 230kHz  290kHz 0.081 kHz 0.10kHz
Interaction total R'* 270 Hz 320Hz 1.6 Hz 1.9Hz
rate inelastic Rirel 190 Hz 220 Hz 1.30 Hz 1.5Hz
per bunch elastic R®! 84 Hz 100 Hz 0.066 Hz 0.081 Hz

For proton beams and considering such a gas volume, total interaction rates in the
order of 0.75 MHz at injection and of almost 1 MHz at collision energy are expected for

the entire beam. In this energy range, beam-gas interactions are dominated by inelastic
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5.2. Beam-gas interactions and secondary particles propagation

collisions, representing about 2/3 of the total interactions for proton beams. Regarding
beam size measurement purposes, inelastic interactions are in the order of 200 Hz per
bunch, and only a small fraction of these collisions will generate a sufficient amount of
tracks entering the BGV tracker acceptance and contribute to the measurement. One
requirement of the gas target is to ensure that a sufficient rate of useful events is reached,
to meet the bunch width precision specification presented in the previous chapter. This
particular question will be treated in Chapter 7.

It can be noted that despite higher cross-sections, interaction rates for lead ion
beams are two orders of magnitude smaller, due to a significantly lower beam intensity

compared to proton run beams.

5.2.3 Secondary particle characteristics

This section investigates some characteristics of the secondary particles generated by p-
Ne inelastic interactions. The DPMJET 3.06 generator [46] was chosen among other
hadronic generators, which were compared in Ref. [47]. The considered generators showed
a satisfying agreement for the purpose of the BGV design optimisation. In this section,
error bar in figures presenting distributions are derived using Poisson error.

The distribution of the most represented particle species is shown in Figure 5.3.
Among these interaction products, those capable to traverse the vacuum chamber and
reach the BGV tracker are mostly charged pions [2]. Photons from neutral pions decay are
not considered to be easily detectable with the considered detector technologies. Therefore,
only charged pions will be considered in the following.

The number of tracks (charged pions) Ni ot distribution per simulated event is
shown in Figure 5.5. A total of 12 tracks in 47 are generated in average per p-Ne collision
at injection energy, increasing to around 22 tracks at collision. Their emission direction
can be seen in Figure 5.6, where it is represented by their pseudorapidity 7, often used in
high energy physics to describe the angular acceptance of a detector, and which relates
to the angle 0 defined between the three-momentum of the particle and the beam axis

direction as:

n=—1In [tan (g)] (5.4)

This relationship is illustrated in Figure 5.4: compared to the propagation direction of the

incident particle, secondary particles with a pseudorapidity < 0 travel backwards, and the
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Figure 5.3: Secondary particles generated in a p-Ne inelastic collision at the LHC injection
and collision energies. Only particles present in > 10% of collisions are shown.

higher the pseudorapidity, the closest the particle trajectory to the beam axis.
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e

Figure 5.4: Pseudorapidity as a function of the associated angle.

Figure 5.6 highlights how the particle direction is related to their absolute momen-
tum. Most particles, and in particular those with high momenta, are emitted in the forward
direction, close to the beam axis. On the two plots, the vertical dashed line corresponds
to a pseudorapidity limit above which secondary tracks generated 550 mm upstream of
the first tracker detector, which will be shown in Section 5.4 to be a optimised distance,
would travel inside the beam pipe and "miss” the tracking detector.

Figure 5.7 shows the absolute momentum distribution, which is dominantly of few

GeV, and increases in average with the beam energy.
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Figure 5.5: Track multiplicity Ny tor distribution for p-Ne interactions at injection and

collision energy.
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Figure 5.6: Bidimensional absolute momentum vs. pseudorapidity distributions of charged
pions generated in p-Ne interactions, at injection (5.6a) and collision (5.6b) energy. The
vertical dashed line gives an estimate of the pseudorapidity limit above which secondary

particles will travel inside the beam pipe further away than the BGV tracker located
550 mm downstream of the interaction point.

In summary, among the particles issued from beam-gas interactions, the BGV tracker
will mostly record charged pions. Most of these particle have an absolute momentum of
few GeV, but positioning the tracking detector as close as possible to the beam axis will
allow to record tracks with larger momenta, which are less prone to multiple scattering.
With the increase of the beam energy, beam-gas interactions generate more secondaries,

with higher energy and more forward trajectories. These characteristics should help to
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Figure 5.7: Absolute momentum distribution of charged pions issued from p-Ne inelastic
interactions.

improve the vertex resolution of the instrument, which is required to be smaller at high

energy due to the smaller beam sizes.

5.3 Ion beam size measurement

This section discusses the feasibility to measure the ion beam size with the BGV. Given
that the beam optics are identical between proton and ion runs, the beam size at the
instrument location will be the same for both types of beams, and the accuracy and
precision requirements on the beam size measurement are therefore unchanged.

The lower interaction rates are partly compensated by the fact that Pb-Ne showers
provide much higher tracks multiplicities: 75% of inelastic collisions have Ny > 5 when
considering the final HL-BGYV setup, dropping the required inelastic interaction rate down
to 110 Hz to achieve the bunch width precision specification. Such a rate is 6 times
smaller than in the proton case, but about 100 times higher than the expected Pb-Ne
inelastic interaction rate in the region of interest at 1 x 10~ 7 mbar. Apart from the track
multiplicity, no significant change is observed with respect to track momenta nor spatial
distribution.

Considering a BGV design reaching the proton beams specifications, the same de-
vice would need a longer accumulation time to achieve the same performance with lead
ion beams, or a significant increase of the gas target pressure. Owing to a high track
multiplicity, the accuracy on ion beam width measurement is not expected to be degraded

compared to proton beam performance.

o8
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5.4 Performance optimisation study

A design optimisation study detailed in Ref. [48] was conducted with the BGV simulation
tool and helped to make key design choices. Some of the most important results are

presented below.

5.4.1 Generic instrument geometry and design parameters

A generic instrument geometry, shown in Figure 5.8, was defined in order to study the

impact of the main design parameters of the BGV on its performance.

event example of 1 béam-gas interaction
Hadronic model: dpmjet3 Tracking detector layers

a(\'\C\es

ary
eco”
Gas target Tm S

Interaction point Exit window
(vertex)
Tracking detectors Secondary
thicﬁ)ess e tracks
window | g
direction interaction e |

v

Detector
Vertex-detector . resolution
distance >‘¢

Measurement region || |

g

distance between
tracking planes

Figure 5.8: Test geometry for the performance optimisation study. The top image shows
the geometry, viewed in Geant4 [2], and the bottom sketch indicates the main considered
design parameters.

In this setup, beam-gas interactions are uniformly distributed in a volume spread
over 1m, and following a 200 pym wide Gaussian distribution along the transverse planes,
to model a Gaussian beam.

The first detector layer is placed downstream of this volume. It consists of a sensi-

tive disk layer of 130 mm diameter and pierced with a central hole of 46.8 mm diameter,
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representing the beam pipe passage. Its dimensions are defined according to the minimum
possible beam pipe aperture and to the maximum gas tank diameter allowed regarding
beam-coupling impedance, as will be detailed in the following chapter. This disk is posi-
tioned perpendicularly to the beam axis and centred on it.

A 0.9mm thick aluminium sheet is placed at the front of the first detector plane,
of the same shape than the detector described in the previous section. Also called Exit
Window (EW), its purpose is to model the beam chamber wall to be traversed by the
secondary particles before reaching the tracking detectors. It is acknowledged that the
exit window has to be placed as close as possible to the first detector layer, in order
to limit extrapolation error in track reconstruction, due to multiple scattering occurring
within it. Details regarding the thickness and shape of this piece will be given in the
following Chapter.

The tracker consists of three detector layers, each with the shape of a pierced disk,
similar to the first layer described in the previous section. Each layer is made of silicon, the
thickness of which can be varied. A 100 pm thick part of the detector layers is set sensitive.
The recorded hit position corresponds to the mean position between the entry and exit
points of the particle in the sensitive layer. Each detector is placed 250 mm downstream
of the preceding layer, and with dimensions adjusted to preserve the solid angle defined
by the first detector, with respect to the centre of the gas target.

This setup allows to study design parameters related to the instrument’s gas target
and tracker, with the vertex resolution as the main figure of merit of the instrument’s

performance.

5.4.2 Distance between the beam-gas interaction and the first detector

plane

The distance d; between beam-gas interactions and the first tracking detector plane was
first optimised with respect to the number of tracks reaching this detector layer [2]. For
this purpose, the beam-gas interactions are constrained to a point source target, of which
the position with respect to the first detector plane is varied.

It was observed that, in general, the amount of tracks recorded by the detector
increases with dy, as the tracks gain more distance to open up. At injection energy, where
tracks propagate with large angles with respect to the beam axis, the amount of tracks

hitting the first detector reaches a plateau at d; ~ 550 mm and then slightly decreases.
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5.4. Performance optimisation study

This value will be considered as the optimised distance in the following.

5.4.3 Impact of the longitudinal vertex position

Considering then reconstructed events, the simulation setup was used to compare the
characteristics of reconstructed vertices as a function of their distance from the tracker.
In Figure 5.9, the vertices from 7TeV interactions are grouped together in 100 mm
wide bins, according to their distance from the first detector layer. For each bin, the
vertex resolution, average track momentum and proportion of events showing with a suf-
ficient Vi, are shown. It is revealed that interactions occurring close the tracker lead to
better vertex resolutions. These events are however less numerous to show a signal in the
detector than those generated very close to the tracker. The expected degradation of the
vertex resolution with the distance from the tracker due to extrapolation error is however

limited by the increase of the average track momentum.
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Figure 5.9: Characteristics of the reconstructed events, as a function of their position
distance from the first detector plane. Vertices are grouped together as a function of their
originating position, in bins with a width of 100 mm, represented along the horizontal
scale. For each bin, the vertex resolution in z and y is given in the top plot (with a cut on
events with Ny, > 5), the average track momentum in the middle plot, and the number of
events showing a signal is shown in the bottom one. [2]

Based on these results, a longitudinal volume extending from 1050 mm upstream of
the first detector layer, up to 50 mm from it, was defined as the measurement region, the
beam-gas interaction originated from which will be considered for the beam size measure-

ment. This volume includes events close to the tracker, with a good vertex resolution, and
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is sufficiently long (1 m) to include a decent amount of events, while staying in a range
where the vertex resolution is reasonable. The tracker design was then optimised with

respect to this region.

5.4.4 Detectors comparison

Three main detector technologies were considered for the BGV tracker: GEM (Gaseous
Electron Multiplier) [49] based gaseous detectors, hybrid and monolithic pixel detectors.
This selection focused on radiation tolerant [50-52] high energy physics detectors with
low material budget?, or detectors already used within the CERN beam instrumentation

group and suiting for the detection of minimum ionising particles.

1. The possibility to use gaseous detectors, in particular triple GEM detectors, was
investigated early in the instrument design process [53]. With very small achiev-
able material budgets, and thanks to a relatively low surface cost, this technology
allows to cover large transverse areas in a hermetic way, while limiting the amount
of material traversed by secondary particles. Among gaseous detectors, triple GEMs
offer a high signal gain, suiting for detecting the BGV pions. R&D possibilities were
explored to conceive an extremely low material budget triple GEM detector. A con-
ceptual design was proposed [2], achieving a material budget (X/Xy) of 0.18% per
detector in the sensitive area (compared to 0.25-0.30% for standard triple GEMs [54])
and is depicted in Figure 5.10. A spatial resolution in the order of 50 pm, as for stan-
dard triple GEMs [55], is expected, which is relatively large compared for instance

to silicon detectors.

Triple GEM detectors are read out with strips, implying the need for an additional
cluster finding step in the event reconstruction algorithm. To identify the true
cluster position, as illustrated in Figure 4.5, each tracking plane should consist of
two detector layers positioned with a rotation angle, as explained in the previous
chapter. Four cluster coordinates are extracted per tracking plane, increasing the
event processing load compared to pixel readout detectors. Regarding the tracker
design, another constraint of gaseous detectors comes from the fact that a side

structure is required to stretch the GEM foils and to contain the gas in the sensitive

2The material budget of a detector corresponds to the ratio between the length of material traversed
by a particle, over the radiation length of this material; the radiation length corresponding to the mean
length traversed by an electron before its energy is reduced by 1/e.
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Figure 5.10: Cross section of the conceptual design of a low material budget triple GEM
for the BGV. [2]
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volume. A few millimetres of non-sensitive material would therefore occupy the inner
diameter of the detector modules, restricting the sensitive area and causing small
angle particles to scatter or possibly shower onto this structure. Finally, for the BGV
application, depending on the detector operation gain, the effect of highly ionising

particles on performance and ageing of the GEMs would need further studies.

Silicon pixel detectors were also considered, of which two families can be distin-
guished: monolithic and Hybrid Pixel Detectors (HPD) [56]. Both technologies,
schematised in Figure 5.11, benefit from the simplicity of a pixel readout, with a
spatial resolution in the order of 10 um. Silicon detectors are significantly more
expensive than gaseous detectors, particularly HPD, and less adapted for covering
large areas. On the other hand, their high spatial resolution and the possibility
to place them very close to the beam chamber leads to the possibility to design a
more compact tracker, with an acceptance focused on small angle but more energetic

secondary particles.

Hybrid detector ! Monolithic detector
I Bonding Down to

I AGtive Senssr I <o

Figure 5.11: Scheme of a the silicon pieces constituting a hybrid and a monolithic pixel
detectors.

e Hybrid Pixel Detectors consist of a silicon sensor layer, bonded to front-end
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chips. The particular TimePix detectors family [57-59] is used in several beam
instruments at CERN [26,60]. Despite a rather high material budget due to the
presence of these separate layers, a standard readout data acquisition chain was
already developed within the section, which can be easily adapted for the BGV
application. Standard TimePix3 HPD assemblies are made with a 300 pm thick
sensor and a 700 pm thick Application Specific Integrated Circuit (ASIC), lead-
ing to a total thickness of in the order of 1 mm. However, sensors are available
with a thickness down to 50 pm, and the ASIC can be thinned down to 220 pm.
The total detector thickness can then reach 270 pm, with a corresponding ma-
terial budget in the order of 0.27%. The pixel pitch of TimePix detectors is
of 55 nm, leading to a spatial resolution of at least 55 um = 16 pm under the

V12

assumption of equal charge distribution within a pixel.

e Monolithic silicon pixel detectors [61] are made of a single piece of silicon with
the same CMOS process, incorporating both the sensing material and the am-
plifying and logic circuitry. Avoiding flip-chip bonding [62], such detectors are
four to five times less expensive than HPD, for a similar coverage. With thick-
nesses down to 100-50 pm, their material budget is between 0.10-0.05%, and
spatial resolutions in the order of 5pm are expected with pixel dimensions of
20pm x 20 pm. Despite very attractive features, this option was discarded due

to its early development stage.

For each technology, contact was established with the corresponding detector de-
velopment and user communities to assess possible developments for the BGV tracker.
The simulation tool described in the previous section was then used to understand how
the material budget and spatial resolution of the detectors impact the resolution of re-
constructed vertices, and therefore the tracker performance, in the specific case of the
BGV. Detector resolutions of 50 pm and 16 pm were considered, and silicon thicknesses
of 1mm and 270 pm were considered. The tracker dimensions were also considered with
varying the distance between the tracking planes, adapting the second and third planes’
dimensions accordingly, to keep the solid angle constant.

Figure 5.12 summarises the results of this study, with a selection made on events
with Ni. > 5. The cluster reconstruction step was omitted.

Following these results, it can be noted that:
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Figure 5.12: Vertex resolution in dependence of the distance between the detector layers,
for different generic BGV configurations, as labelled on the left. [2]

e When considering detectors with poor intrinsic resolution (purple and orange curves),
large tracking plane dimensions (right-hand side of the graph) greatly improve the
vertex resolution. This effect is much less pronounced for high resolution detectors

(green and red curves).

e In the case where a compact tracker is desired (left-hand side of the graph), a good
detector resolution (green and red curves) is required to achieve vertex resolutions

below 160 pm.

e For any given configuration, the vertex resolution is improved with low material
budget sensors. The gain is slightly reduced when considering low resolution and

compact tracker.

Based on these conclusions, and considering the tight space restrictions at the fore-
seen location for the B1-BGV, it was deemed optimal to focus on a compact tracker design.
TimePix3 HPDs were the selected detector technology due to their high spatial resolution,
and to the possibility to thin down the ASIC and sensor to achieve a low material bud-
get. Placing tracking detector layers 250 mm apart allows for a compact tracker design,
minimising the number of (expensive) TimePix3 required.

The tracker design will not be discussed in more details in this thesis. The final

design can be found in [2].
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5.5 Summary

A detailed Monte Carlo simulation tool of the instrument was implemented, together
with an event reconstruction algorithm. After a careful analysis of the characteristics
of the secondary particles generated in beam-gas interactions, a performance study was
conducted, focusing on the vertex resolution of the BGV. The drawn results helped to
define the measurement region, specify the global dimensions of the tracker and choose a

detector technology.
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Chapter

Gas tank design

Several requirements are imposed to the gas tank of the HL-BGV, which required specific
studies. An overview of these requirements is presented here, followed by discussions on
the constraints related to the beam stability, in particular the beam aperture protection
and limitations due to the expected impedance contributions. The final design is then
presented, together with its impedance contributions. Studies related to the gas target

are presented in the following chapter.

6.1 Guidance for the gas tank shape

Upstream taper Wide aperture cell Exit window

l Secondary particles
Beam direction

I;plum T

Reduced aperture

-\

v

lon pumps
Reduced aperture

Gas injection and
accumulation

Figure 6.1: Sketch of the BGV gas tank.

The overall shape of the BGV gas tank is schematised in Figure 6.1.

In order to minimise the material crossed by secondary particles, and limit multiple
scattering, a transition is introduced between a large and a reduced aperture beam cham-
bers, where the amount of material is lowered compared to a standard straight chamber.
The transition piece connecting the aperture change is called Exit Window (EW) and

needs to be designed with special care, with a minimised material budget. The material
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and thickness gradient of the exit window are important parameters to consider, which
can substantially ease the event reconstruction.

Other parameters influence the shape of the gas tank.

e The choice for a distributed gas target requires a wide aperture cell, surrounded by
small aperture chambers, to hold the gas into the volume of interest for the beam
size measurement. The density map of the gas target, as shown in the following

chapter, is also impacted by the length of the various BGV beam chambers.

e For a maximum acceptance of the tracker, the minimum possible aperture for the
downstream small radius chamber is desired. Utilising a small inner radius, the
tracker will profit from the high density of secondary particles travelling under a
small angle with respect to the beam axis, which are generally more energetic. The
minimum possible aperture is dictated by the transverse beam envelope and thus by

the beam optic functions at the instruments’ location.

e The diameter of the wide aperture cell should be large enough to maximise the
amount of tracks traversing the exit window, and therefore being detectable, but
not too big in order to limit unwanted wakefield contributions of the gas tank to
the beam, as will be discussed in Section 6.3. The presence of an upstream taper

also serves to limit the BGV wakefield contributions.

e The instrument is finally imposed to fit in the regions of the LHC tunnel foreseen
for the two instruments installation, which restricts the length of the gas tank and the
longitudinal spread of the BGV equipment, including the four ion pumps installed

upstream and downstream of the tank.

6.2 (as tank aperture

As explained in the previous chapter, the angular distribution of the secondary tracks
shows a high density of secondary particles emitted under a small angle with respect
to the beam axis, in the forward direction. Most of these tracks also benefit from a
high momentum, making them less prone to large trajectory deviations due to multiple
scattering. Placing the first detector layer as close as possible to the beam axis is therefore

very beneficial, in order to achieve the maximum performance of the BGV.
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All along the circumference of the LHC, the minimum transverse physical chamber
aperture allowed is defined as the transverse beam size at injection, multiplied by 14.6 [63].
This protected aperture sets the minimum beam chamber aperture in radius, at a given
location along the accelerator ring, which is guaranteed to be in the “shadow” of the beam
collimation systems, i.e. with limited exposure to particle losses.

Figure 6.2 shows the protected aperture at the foreseen BGV instrument locations.
The mechanical aperture profile of the HL-LHC BGYV final design is also shown, in green
color and including a 1.5mm radial tolerance for manufacturing and alignment of the

chambers. Due to higher S-functions, the protected aperture is larger at the foreseen

B1-BGV location.
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Figure 6.2: Protected aperture in x (orange line) and y (yellow line) planes, considering
the LHC beam optics version 1.5, and BGV aperture profile (green line), at the foreseen
instrument locations. The BGV aperture includes a 1.5 mm tolerance.

A radius of 22.5mm was chosen for the 20cm-long beam pipe holding the first

detector plane [64]. Figure 6.2a shows that, taking 1.5 mm tolerance into account, such
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a BGV aperture is only few millimetres larger than the aperture required by the beam,
for the B1-BGV location. In case of a beam optics change, this value may need to be
increased.

In terms of instrument performance, an increase of 0.5 mm in radius of the BGV
aperture in this area would approximately reduce the accepted number of interactions
used for a measurement by 7% with respect to the 22.5 mm radius aperture. An increase
of 1 mm would lead to a 12% reduction. It should be noted that such a change of the BGV
aperture would also impact the tracker design.

Upstream of the restricted aperture region of the BGV, the beam pipe aperture is
less critical for the performance of the instrument, and therefore a slightly larger value of

25 mm radius was chosen.

6.3 Impedance optimisation study

The BGV gas tank is a cavity-like structure and represents a wakefield source in the LHC
machine, increasing the beam-coupling impedance. Early in the instrument design process,

its contribution was carefully considered.

6.3.1 Simulation tool

The commercial software CST Particle Studio [21] is commonly used to compute the wake-
fields and beam-coupling impedance contributions of accelerator components. It features
two numerical solvers of interest for this purpose.

The time domain Wakefield solver allows to analyse the wakefield effects of a bunch
of particles rigidly travelling through a defined structure by utilising an equivalent line-
charge density distribution and computing the electromagnetic (EM) fields in the geomet-
ric volume of the component. The simulated volume is divided into hexahedral mesh cells,
in which Maxwell’s equations are solved with a finite difference method, for each time
sample. The wake potential is obtained with integrating EM fields along the predefined
integration path. The corresponding beam-coupling impedance is calculated by applying
a Fourier transform to the wake function.

In a complementary way, the Figenmode solver allows to calculate the frequency and
field patterns of the eigenmodes resonating within a structure, using finite element method,

which involves approximations [65]. All geometry boundaries are considered closed (with
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vanishing transverse electric field), and no excitation signal.

In the following, the longitudinal eigenmodes and effective impedance of the BGV
tank are studied.

The shunt impedance R;,, quality factor ), and resonant frequency fress of each
eigenmode n are determined using CST Eigenmode solver simulations. The broadband
spectrum is then reconstructed using the resonator model [19], which was presented in
Chapter 2 and consists in summing the contribution of each resonant mode identified by

the Figenmode solver:

o)

R
Zy(w) = T R— (6.1)
S =)
= Re[Z”(w)] + 7 Im[ZH(w)] (62)

An example impedance spectrum is given in Figure 6.3, obtained for the structure shown
in 6.12, made with 2mm thick walls of stainless steel with a conductivity of o¢ g5 =

1.35 x 10S/m. In this chapter the shunt impedance values are given using the circuit

2
convention [66]: Rs = ;/—P where V is the induced voltage and P is the dissipated power.
8 —— Re(Z [ )
61 Im(Z I )
— 4_
S
S
< 2
N=0' ..l”j j;l l
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Figure 6.3: Example longitudinal impedance.

The other figure of merit considered here is the longitudinal effective impedance
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(Z)|/n)est, introduced in Chapter 2. Also noted Im(Z)/n), it is derived by multiplying
the slope of the imaginary impedance Im[Z)], obtained with Wakefield solver simulations,

with the LHC revolution frequency froy = 11245 Hz.

6.3.2 Impedance of the demonstrator BGV

The beam-coupling impedance of the demonstrator tank was simulated in 2014 [67] and
is dominated by a series of resonant modes. The real part of the longitudinal impedance
of the demonstrator BGV is shown in Figure 6.4a, indicating the contribution of a series
of resonant higher order modes (HOMs) deemed significant. With the LHC Run 3 beam
parameters, the estimated power loss in the BGV gas tank is in the order of tens to

hundreds of Watts, depending on the exact longitudinal particle distribution of the bunch.
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Figure 6.4: Real part of the beam-coupling impedance of the major longitudinal (6.4a) and
transverse (6.4b) resonant modes, as simulated with CST Particle Studio for the demon-
strator BGV [67]. The transverse impedance is shown weighted by the beam displacement.

The longitudinal effective impedance of the demonstrator was evaluated to 0.74 m{,
which, although representing < 1% of the overall machine effective impedance, is large
relative to the device’s length.

Recommendations encouraged for the future instrument to minimise these contri-
butions when possible. In particular, in case the tank shape of the HL-BGV would be
similar, the diameter of the wide part of the tank should be minimised and the existing
tapers on each side of this wide part should be kept, with a trade-off to be found with
instrument performance.

The transverse contributions raised less concerns:
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e The transverse effective impedance was evaluated to 10k§)/m, which is small com-

pared to the overall transverse beam-coupling impedance of the machine;

e The transverse resonant modes show shunt impedance peaks - weighted by beta
function - below 100k /m, as witnessed by Figure 6.4b. Such values were stated to
be at least two orders of magnitude lower than the LHC overall impedance model
in this frequency range. Therefore the demonstrator transverse eigenmodes were

considered to be in the background of the rest of the machine, as well.

Given the beam intensity increase foreseen with the HL-LHC upgrade, it was deemed
important to investigate a BGV instrument with a reduced impedance, in particular low-
ering the contribution of the HOMs with respect to the demonstrator BGV.

With the above mentioned conclusions in mind, and aiming for a similar tank shape
for the future instrument, a design optimisation study was performed, focusing on reducing
the longitudinal impact of the tank’s eigenmodes. The impact of the tank shape on the

longitudinal effective impedance is also considered.

6.3.3 Parametric study

In the following, the impact of several dimension parameters of the BGV gas tank geometry

on its longitudinal eigenmodes and longitudinal effective impedance are studied.

6.3.3.1 Cylindrical cavities

The diameter D and length L of the gas tank structure are considered first, focusing on
a cylindrical shape of the cavity structure, sometimes referred as “pill-box” cavity, as
shown in Figure 6.5. This approach also serves to benchmark the simulation and validate
simulation parameters, since results can be compared with analytical solutions.

To be consistent with the BGV constraints, the simulated cavities are connected
upstream to a 50 mm diameter beam pipe, and downstream to a beam pipe of 45 mm
diameter. The structures are modelled with a vacuum volume, surrounded by a perfect
electric conductor (PEC) material background. This choice prevents the field’s energy
to dissipate in the walls, and focuses on the impact of the geometrical dimensions of the
structure.

Figure 6.6 shows the impact of varying the cavity diameter on the resonant modes.

Reducing D, the shunt impedance of the modes decreases and their frequency increases.
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|

A

Figure 6.5: Geometry of a pillbox-shaped cavity, visualised in CST Particle Studio.

In particular, the eigenmode with the shunt impedance of the highest peak value for a
given configuration increases linearly with D, as shown in Figure 6.7. The dependency of

the frequency of the fundamental TM010 mode fy to the diameter D = 2r is shown in
c 229 x 106

261 x7r D
the speed of light [68]. In Figures 6.7, 6.8 and 6.9a, the configurations that were already

Figure 6.8, and follows the expected behaviour: fy = , where c is

shown in Figure 6.6 are denoted in the same colour to ease their identification, while grey
crosses indicate configurations which are new.

For instruments to be installed in the LHC, shifting the frequency of the HOMs to
high values above ~ 1 GHz, is extremely valuable, since the harmonics of the LHC beam
power spectrum have significantly lower intensities in this frequency range, in particular
above 1.4 GHz [69]. An example LHC beam power density spectrum is shown in Figure 6.21
(light green).

The longitudinal effective impedance is also decreased for small diameters, as can
be seen in Figure 6.9a.

Thus, the diameter D is a key parameter to be minimised to avoid strong beam-
coupling interactions.

Figure 6.10 shows the impact of varying the length L of a D = 130 mm diameter
cavity on its HOMs. It can be noted that the eigen-frequencies of the tested configurations
are always above 1.7 GHz, which is a significant improvement compared to the previous
(demonstrator) design. In addition, in the range of interest, longer cavities develop more

eigenmodes, but with lower R, values. The maximum shunt impedance among these modes
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Figure 6.6: Real part of the longitudinal impedance of 700 mm long pillbox cavities, vary-
ing their diameter. Only the first 10 modes are shown.
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Figure 6.9: Longitudinal effective impedance, varying D (6.9a) and L (6.9b).

for each configuration is shown in Figure 6.11. Below L ~ 1 m, increasing the length of the

cavity has a strong impact on the maximum shunt impedance, which decreases quickly.
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This effect is less pronounced for longer cavities.
Im(Z) /n) of a cylindrical cavity structure also shows a global increase with its length,
as is shown in Figure 6.9b. The colour scale used in Figures 6.9b and 6.11 corresponds to

the configurations shown in Figure 6.10. Grey crosses are additional geometry cases.
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Figure 6.10: Real part of the longitudinal impedance of a cylindrical cavity of diameter
D = 130 mm, for different lengths. Only the first 20 modes of each configuration are
shown, with resonant frequency < 2.7 GHz.
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Figure 6.11: Highest peak value of the shunt impedance of resonant modes vs. length of
the cylindrical cavity.

The choice of the tank length thus results in a compromise between the number
of eigenmodes and their shunt impedance. Other parameters including the gas density

profile and spatial constraints were taken into account to decide the final tank length.
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6.3.3.2 Tapers

Tapering abrupt discontinuities of a change of the diameter of the vacuum chamber is a
common mitigation measure to reduce cavity-like impedance sources [19]. In the BGV
case the exit window is a critical element of the BGV instrument in terms of performance
with little margin for geometric arbitration, as will be detailed in Section 6.4, the presence
of the upstream taper exclusively aims at lowering the contribution of the BGV HOMs.
The impact of the length of the upstream taper and exit window, Ly, and Loy, re-
spectively, positioned as shown in Figure 6.12, on the longitudinal gas tank impedance was
investigated in detail. The case of the exit window is presented in the following. Similar
conclusions were observed with the upstream taper, which can be found in Appendix C,

for Ly € [100, 500] mm.

) ) Upstream taper Exit window
Beam direction
— | ]
X -
| L L L
G- N out

Figure 6.12: Geometry of the tapered BGV tank, visualised in CST Particle Studio.

Starting from a 130 mm diameter and 700 mm long cylindrical cavity, the impact of

Loyt was studied in two different ways.

e Variation of the exit window taper by subtracting Loy € [10, 50] mm from the

cylindrical part of the BGV, L 4+ Loyt = 700 mm

e Variation of the exit window taper by adding Loyt € [10, 50] mm to the cylindrical
part of the BGV of constant L = 700 mm.

When considering the upstream taper, a wider range was considered for the taper length,
while taking into account integration space constraints.

Figure 6.13 shows the results corresponding to the first approach. Configurations
with longer tapered sections (red) show higher eigenmode frequencies. The shunt impedance
of the different modes have disparate behaviours with the increase of Lgyt. It should be
noted that with this approach, structures with longer tapers also have shorter L.

The conclusions are less apparent when a taper of length variation Loyt in the same
range is added to the cavity, instead of tapering the corresponding extremity. The results

are shown in Figure 6.14, where in general, the configurations with a longer taper result in
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Figure 6.13: Real part of the longitudinal impedance of 700 mm long cylindrical cavities
of 130 mm diameter, tapering the downstream extremity.

modes producing a lower R;. Small frequency shifts are also observed, but sometimes are
towards higher frequencies, sometimes towards lower ones, depending on the considered
eigenmode.

The cylindrical length L turns out to be the main impact parameter regarding the

eigen-frequencies of the modes, while the length of the taper foremost controls R.
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Figure 6.14: Real part of the longitudinal impedance of 700 mm long cylindrical cavities

of 130 mm diameter, adding a downstream taper corresponding to the exit window.

Regarding the effective impedance however, both approaches lead to a lower Im(Z I /n)
when Lgy is increased, as shown in Figure 6.15. The main interest in tapered cavities is

therefore to reduce their effective impedance contribution.
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Figure 6.15: Longitudinal effective impedance as function of Loy, by adding (6.15a) or
subtracting (6.15b) a downstream taper to the cylindrical part of the cavity .

6.3.3.3 Summary

In summary, the diameter D is a critical parameter which should be minimised to reduce
the contribution of the resonant modes, which was the main source of concern for the
demonstrator BGV tank. A longer cylindrical cell also helps reducing the shunt impedance
of these modes, with the downside making them more numerous. Once L and D are fixed,
tapers at the extremities of the cylindrical cavity help to reduce the longitudinal effective
impedance of the structure and, to a certain extent, limits the contribution of its HOMs.

Based on these results, D was set to 130 mm, hence limiting the risks of strong
beam coupling due to the structure’s eigenmodes. Restricting the outer diameter of the
first detector layer to the same value, and therefore constraining the tracker acceptance,
this choice results in a trade-off between the gas tank impedance and the amount of tracks
entering the first detector layer.

The impedance impact of the length of the tapers (Lij, and Loy) and cylindrical
part of the tank (L) was considered for the final design. Ly was chosen by taking ma-
terial budget constraints into account, and will be discussed in the following section. The
following chapter details how L and L;, were optimised to obtain a satisfying longitudinal
density profile of the gas target and to meet the various integration constraints.

The resistive wall impedance of the BGV, which was not considered in this discus-
sion, is mainly defined by the diameter of the tank. The associated quantities, which
are the transverse effective impedance, deemed negligible for the demonstrator, and the
beam-induced power loss, will be carefully considered for the final geometry, given the

increased beam-walls proximity compared to the demonstrator structure.
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6.4 Shape of the exit window

Performance-wise, the secondary particles should traverse the smallest possible amount
of material before reaching the tracking detectors, to minimise trajectory deviations due
to multiple scattering. This is achieved on one hand by adapting the vacuum chamber
shape such that it is perpendicularly traversed by the measured secondaries, and on the
other hand by the selection of materials with long radiation length for the chamber piece
traversed by the secondaries. This specific part of the BGV tank is called the Ezit Window

The optimised EW inclination 6, with respect to the beam axis is determined with

considering the tracker acceptance, as shown in the top sketch of Figure 6.16.

Exit window
Wide aperture cell Tracker

Zmi . Z ]
—\m'” Measurement region me S

First
detector

Zmi . Z f
—\m'” Measurement region mae f

Figure 6.16: Sketches of the BGV gas tank, highlighting the formalism for the exit window
angle O,y (top sketch) determination. Oy, (purple) and 6Oy, (orange) are shown in the
bottom sketch. These angles are determined wrt. the acceptance of the first detector layer

(red).

On this figure, the measurement region, defined in the previous chapter, is depicted
in blue. As we alm to measure beam-gas interactions inferring from this volume, the
tracks with the smallest angle 6,,;,, with respect to the beam axis in the tracker acceptance
originate from the upstream end of the measurement region. Tracks with the largest angle

fOmax originate from beam-gas interactions located close to the exit window. Both angles
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are indicated in the bottom sketch.

With an inner radius of about 24.5mm and an outer radius of 65 mm, the first
detector layer will detect tracks with angles ranging from 6, = 38° to On.x = 89°
(n € [0.7,4.5]). Depending on the transverse position of the subsequent detector lay-
ers, such tracks may not cross the entire tracker, but these values give a hint of the
range of track angles in the tracker acceptance. In order to ensure that most of these
tracks cross the exit window perpendicularly, oy should be in the range [38°, 89°]
(Lout € [0.7mm, 54 mm]). 6oyt = 75° was chosen as final value, which is the same an-

gle that was used for the demonstrator EW, and corresponds to Loy = 10 mm.

Given the change of diameter along the EW part, some gradient of the material
thickness had to be included in the mechanical design to stand the difference between the
LHC vacuum and the atmospheric pressure.

This gradient contributes in lowering the material budget of the EW. The thickness
of the demonstrator EW wall was already minimised at its inner diameter end, as shown
in Figure 6.17. With the smaller chamber diameters foreseen for the HL-LHC BGV, com-
pared to the demonstrator BGV, the thickness along the EW can be further reduced, as
suggested by preliminary studies [70]. For an EW part made out of the same aluminium
alloy as for the demonstrator EW, a thickness gradient ranging from about 2.1 mm on
the outer diameter to 0.9 mm on the inner diameter would be achievable, and is being
considered at the time of writing. The choice of the EW material will be discussed in

Section 6.5.2.

6.5 Final layout

Based on the previously presented mechanical aperture, beam-coupling impedance and
EW investigations, and after a careful consideration of the gas target density profile,
presented in the following chapter, the chamber dimensions were chosen and the final

layout is presented below.
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Figure 6.17: Mechanical drawing of the demonstrator BGV exit window.

6.5.1 Chamber dimensions

The dimensions of the final version of the BGV tank is depicted in Figure 6.18, showing
an overall 3D drawing (top picture) and a longitudinal section view (bottom picture) of
the final tank design. The beam first encounters a 250 mm long restricted aperture section
of 50 mm diameter, followed by the upstream taper, which transitions to the 130 mm wide
aperture cell and is about 477 mm long. The gas cell is 700 mm long and is connected to
the exit window, which reduces the diameters down to 45 mm over a length in the order
of 10 mm. The exit window part also includes a 200 mm long beam pipe which holds the
detectors constituting the first tracking layer. The subsequent tracking planes are placed
on a slightly wider beam pipe of 50 mm diameter and of length 550 mm.

This entire vacuum tank assembly is rigid, and shall be mounted on a girder and
connected to the LHC beam pipes with bellows, allowing for small displacements and for
a careful alignment with respect to the rest of the machine.

The overall design is more compact compared to the demonstrator BGV, which was
11 m long in total, including the gas pumps. The new design is about 6 m long and fits
in the tight available space at the foreseen B1-BGV location. The main modifications
are related to the dimensions of the beam chamber elements, most of them could be
made shorter and narrower. Notably, the wide aperture cell and the downstream reduced
aperture sections have smaller diameters compared to the demonstrator: the first one was
reduced from 212 mm down to 130 mm diameter, and the downstream low aperture beam

pipe which was 52 mm wide now has a diameter of 45 mm.
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Tracking detector

Beam
direction
lon
pump

Figure 6.18: Catia [71] drawings of the final design of the BGV gas tank. Both drawings
are oriented with the beam entering from the left side.

6.5.2 Materials and coating

Alike most vacuum chambers in the LHC warm sectors, the entire BGV assembly will
be coated with a TiZrV NEG layer [72,73], which acts as a passive pumping treatment
for most residual gases. This coating also serves to limit the growth of electrons clouds,
thanks to its low secondary-electron emission yield.

In order to activate and regenerate the absorbing capacity of the NEG coating, an
activation step is required, consisting of baking the chamber with a heating jacket operated
at high temperatures, circa 200°C [74]. Therefore, the tracker has to be easy to dismount,
and all chamber materials must be able to handle these temperatures without damage.

Most parts of the BGV tank assembly will be made of stainless steel, except the exit
window. Here, an aluminium alloy was chosen, benefiting from a radiation length about
five times higher than steel. Because of its specific shape, the EW would be forged from
an aluminium alloy block, with the same composition than was used for the demonstrator
piece [1]: AA2219, containing 6% of copper. This specific alloy is resistant to high NEG
activation temperatures while being weldable. Taking into account the EW thickness gra-
dient from 2.1 mm to 0.9 mm, a particle traversing 1.5 mm of aluminium would experience
a material budget (z/Xy) of 1.7%.

With an even higher radiation length, beryllium was also considered for the manu-
facturing of the exit window. The aluminium alloy was preferred, due to the high manu-

facturing costs of beryllium, caused by its toxicity.
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6.6 Beam-coupling impedance of the new BGV tank design

The beam-coupling impedance contributions of this new BGV tank design were estimated

and are presented in this section.

6.6.0.1 Simulation settings

The geometry of the BGV tank shown in Figure 6.19 was simplified compared to the
mechanical design. The differences are however minor and have negligible effects on the

impedance results.

Beam direction

v

A

Figure 6.19: Final gas tank geometry, visualised in CST Particle Studio, with the beam
entering the geometry from the left side. Brownish parts are made of stainless steel, of
electrical conductivity ogs = 1.35 x 109S/m, and yellow ones of aluminium, of conduc-
tivity oa] = 3.6 x 10" S/m. The walls are all 2mm thick, and the volume is filled with
vacuum.

The CST Wakefield solver was used to obtain the beam-coupling impedance spectra,
discussed as follows. The results were first compared and showed good agreement with
the resonant mode parameters obtained from the CST FEigenmode solver analysis. The
wakefield time domain simulations were run with a wake length of 100 m, that ensured the
remaining energy stored in the cavity-like structure was decreased by 40 dB.

As shown in Chapter 2, the longitudinal impedance is dominated by the monopole
mode (m = 0) for axi-symmetric geometries. Both, the source beam and the wake inte-
gration path are therefore set on the symmetry, i.e. the beam axis to compute the longitu-
dinal BGV impedance contributions. An ultra-relativistic Gaussian bunch (3, = 1) with
a length of 0.5ns (4-0) is used as excitation signal, and the mesh is defined with 20 cells
per wavelength. The wake is integrated via the indirect interfaces method [75], which is

typically used for structures with unequal beam ports, or with concave shapes, as is the
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case for this setup.

6.6.1 Longitudinal impedance and its impact on the beam stability

The real and imaginary parts of the longitudinal impedance of the new gas tank design
are shown in Figure 6.20.

The resonance pattern of the HOMs is very similar to the one of the demonstrator
structure, given the similar tank shape and wall materials. The resonant modes however,
are pushed to higher frequencies: starting from 1.7 GHz, versus 1.1 GHz for the demon-
strator. Furthermore, Figure 6.21 depicts the frequency region of the beam power density
spectrum, which is reasonably well below the eigenmode resonances of the new BGV tank.
Finally, thanks to a lower diameter and sufficient length of the tank, and to the presence
of tapers, the shunt impedance R of those modes are also decreased and do not exceed
16 k€2, compared to the maximum of 27 k() reached by the demonstrator BGV. A table
summarising the parameters of the main resonant modes of the final BGV structure can

be found in Appendix D.
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Figure 6.20: Longitudinal impedance of the final BGV tank, analysed with CST Particle
Studio.

Regarding the beam stability, in this high frequency range the estimated growth

85



6.6. Beam-coupling impedance of the new BGV tank design

10 Norm. Re[Z)|]
T Ploss=13.89W
Norm. g-Gaus beam spectrum

% 0.8
E
5’0'6
©
504
<

0.2

08.0 0.5 1.0 15 2.0 25

Frequency (GHz)

Figure 6.21: Real part of the normalised impedance spectrum of the final BGV and LHC
beam power density spectrum. The beam power spectrum is obtained considering a g-
Gaussian distribution function, populated with 2.3 x 10'! particles, with a 4-o length of
1.2ns and spaced by 25 ns.

rates of the longitudinal instabilities due to the presence of the BGV tank are lower than
the growth rates driven by the resonant modes which are already present without BGV
tank in the LHC model [64, 76].

The longitudinal effective impedance is obtained from the slope of Im(Z)|) at low
frequencies, and is 0.38 m{2. This value is almost two-times smaller than that of the
demonstrator tank (0.74m€2). This contribution is small compared to the total foreseen
HL-LHC effective impedance, which is in the order of 75m [64,76].

The impact of this HL-BGV design is therefore optimised with respect to longitu-

dinal beam stability.

6.6.2 Beam-induced heating

An expression of beam-related RF power losses P due to interaction with the BGV
structure was discussed in Chapter 2, and is related to the intensity Ipeam and normalised

power density spectrum A(w) of the LHC beam.

P
Poss = 2lpcam ) 1A(pwi) *Re[Z (pwi)] (6.3)
i=0

A(w) is defined by the longitudinal particle distribution of the beam. Here, four

different distributions were considered and the related normalised power density spectra
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are shown in Figure 6.22.
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Figure 6.22: Normalised HL-LHC beam power density spectrum for different bunch shapes,
considering a bunching frequency of 40 MHz and a bunch length of 1.2 ns.

To account for errors in the impedance model of the BGV, for instance due to
mechanical tolerances of the manufactured device, or since the spectrum of the circulating
beam is highly sensitive to the operational longitudinal bunch distribution and filling
pattern, a perturbation analysis was performed.

For each case of the four bunch shapes the impedance spectrum was randomly
shifted by an offset frequency varying between —20 MHz and 20 MHz, in order to consider
all possible cases of overlap between the coupling impedance resonances and the beam
harmonics. For each bunch shape, the average power loss of all the shifted impedance
configurations was calculated, and the case with the maximum value was considered as
worst possible configuration. Table 6.1 summarises the obtained results, listing for each
bunch shape the average and the maximum power loss among the tested configurations.
While the average beam induced power loss is estimated in the order of 10 W, the worst
case scenario leads up to 42 W of extracted power, and is presented in Figure 6.23. It
corresponds to a beam with a g-Gaussian bunch shape and a shift of 8.6 MHz of the BGV
impedance spectrum.

As shown in Figure 6.23, most of the extracted power is due to the coupling of the
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Table 6.1: Beam Induced Power Loss

Bunch shape | average P ‘ maximum P,

Gaussian 11W 12W
g-Gaussian 14 W 42 W
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Figure 6.23: Normalised impedance spectrum of the BGV, shifted by Af = 8.6 MHz and
LHC beam power spectrum for a g-Gaussian bunch shape. Figure 6.23a shows the entire
spectrum up to 3 GHz, and Figure 6.23b zooms on the high frequencies. This configuration
leads 42 W of extracted RF beam power.
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beam harmonics to the second and third resonant eigenmodes of the BGV tank, around
1.8 GHz. The magnetic field pattern of these modes, presented in Figure 6.24, indicates the

regions of the walls where the extracted energy is likely to be dissipated through heating.
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Figure 6.24: Magnetic field pattern of the two resonant modes extracting most of the
beam induced power for the worst case scenario, as computed with the Figenmode solver
of CST. In the geometry shown here the beam enters from the right.

A dissipation of heat, equivalent to 42W, on the vacuum tank walls of the BGV
does not raise concerns regarding it’s mechanical stability. Concerning the generation of
vacuum outgassing, local hot spots of approximately 50 W m ™2 are expected at the inner
wall surface for the average scenarios and based on the shown magnetic density maps.
This RF beam power induced heat will be directly evacuated via lateral conduction, from
the warm regions of the structure to neighbouring regions where the dissipated power is
small, also utilising the circulation of the external ambient air. Therefore, the structure
wall heating is not expected to reach critical levels, resulting in vacuum outgassing, but

staying always below a concerning threshold which would be in the order of 100 W m 2 [77].
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6.6.3 Transverse impedance and impact on beam stability

The transverse beam-coupling impedance of the HL-LHC BGV was simulated with trans-
verse offsets of the beam and the integration path. Since the BGV geometry modelled in
CST is rotationally symmetrical with respect to the beam axis, the horizontal and vertical
components are equivalent. Assuming the absence of transverse coupling between the two
planes and neglecting terms of second and higher orders, the expression of the transverse

(here the horizontal, Z,) impedance Z (w) was discussed in Chapter 2:
Zy(w) =~ 21 Z3P (W) + 2y 299 (), (6.4)

for small transverse offsets 1 of the source and xo test charge. A displacement of the
source bunch of z; =12.5mm was simulated first, to assess the dipolar (driving) term
Z;“p, and the witness integration path was then transversely moved by the same amount
xo = 12.5 mm with the source bunch on the symmetry axis, to compute the quadrupolar

Z3ad - Thig value is the smallest which could be implemented as offset,

(detuning) term
comprising three mesh cells within the offset distance, as illustrated in Figure 6.25, while
staying in the region where the linear approximation of Equation (6.4) is still valid. The
results are shown in Figure 6.26 and 6.27, respectively. Similarly to the longitudinal
impedance, for the revised BGV tank the dipolar eigenmodes appear at higher frequencies
compared to the demonstrator structure, and with lower amplitudes. The quadrupolar

contribution, simulated for the sake of completeness, is negligible, which was expected

given the axial symmetry of the BGV structure.
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Figure 6.25: Cross-section view of the BGV geometry, with the transverse position of the
beam and integration path set for the computation of the horizontal dipolar (left) and
quadrupolar (right) impedance.
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Figure 6.26: Transverse dipolar impedance of the HL-BGV, weighted by the horizontal
source beam displacement of 12.5mm. The real part of the impedance is shown in the
upper graph and the imaginary part in the lower graph.
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Figure 6.27: Transverse quadrupolar impedance of the HL-BGV, for a horizontal inte-
gration path displacement of 12.5mm. The real part of the impedance is shown in the
upper graph and the imaginary part in the lower graph. The vertical scale was adjusted
to visualise the modes’ peaks.
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6.7. Summary

The transverse effective impedance of the BGV was also computed [67], and the
total BGV transverse impedance was added to the HL-LHC impedance model, weighted
by the S-functions at the foreseen installation locations. As for the demonstrator device,
the main contribution of the revised BGV tank to the LHC impedance model is through
its HOMs. Preliminary beam dynamics simulations revealed that the BGV impedance

does not have a significant impact on the transverse beam stability [64].

6.6.4 Conclusions

The beam-coupling impedance contributions of the final HL-BGV tank were analysed in
detail, and its impact on beam stability was deemed negligible regarding both, longitudinal
and transverse beam dynamics. Despite the increased beam intensity foreseen for the HL-
LHC upgrade, the efforts put into the impedance optimisation of the future BGV design

allow to avoid mechanical damage and outgassing risks associated to RF heating.

6.7 Summary

A revised BGV gas tank design was proposed and presented in this section, optimised with
respect to its wakefields contributions, and satisfying instrument performance needs while
being compliant with the constraints related to beam aperture, beam stability, vacuum
compatibility and manufacturing feasibility.

The following chapter details how this design was also shaped to host a gas target

fulfilling the instrument’s specifications.

92









Chapter

Gas target

This chapter describes the distributed gas target system proposed for the HL-LHC instru-
ment, and the different steps which led to this design. The first section details the require-
ments addressed to the gas density profile and the gas target technologies envisioned. The
final choice is also motivated here. The second section presents the optimisation study of
the longitudinal gas density profile, based on simulations. The impact of the gas target
on the LHC beam and radiation environment in the tunnel is addressed in the following
section. The consequence of measuring vertices spread in a wide volume on the measure-
ment uncertainty, together with the potential gain of choosing a higher mass gas species
than neon, are finally broached at the end of this chapter.

Some insights to ultra-high vacuum and molecular flow physics are given in this
chapter. The book from Ref. [78] helped to write the corresponding parts.

Where BGV performance simulation results are presented, involving beam-gas in-
teraction reconstruction, these were obtained using the simulation tool presented in Chap-

ter 5.

7.1 Gas target technologies

Three main requirements are addressed to the gas target, which were mentioned in Chap-

ter 4 and 5:

1. The integrated pressure along the tracker acceptance should allow to reach a suffi-

cient interaction rate, to achieve the bunch width precision specification;

2. The gas density should be homogeneous over the transverse region traversed by the
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beam, in the time scale of the measurement, to avoid distortion of the measured

beam profile;

3. Outside of the measurement region, the density of residual gas originating from the
BGYV target should be minimised as much as possible, to limit undesired beam-gas

interactions.

Different gas target technologies were considered, each showing different advantages with

respect to these requirements.

7.1.1 Envisioned technologies
7.1.1.1 Distributed target

A simple distributed gas target can be made with injecting gas in the beam chamber
via a capillary. This solution was used for the demonstrator BGV, and is illustrated in
Figure 7.1. The gas is injected into a wide aperture cell, surrounded by restricted aperture
chambers, followed by dedicated ion pumps eliminating the gas molecules from the beam
chambers. The tracking detector sits on the small aperture section located downstream
of the wide cell, with respect to the beam direction. Two ion pumps are installed up- and
downstream of the main chamber (four pumps in total per instrument). The restricted
aperture sections guarantee a high pressure differential between the wide cell and the outer
regions where the pumps are placed.

Gas injection
inelastic hadronic
beam-gas interactions

o o o o JN°
o 0°0 0 0lo,] ©0cooofLINVOO of o © o ] o ° 4
o O 0 o ®lle Op0 " O
Ga o )0/ Co7q0 oo
S 0 0%
tank

Ion pumps Ion pumps

Tracking detector

Figure 7.1: Sketch of the BGV distributed target.

This system was proven to be reliable with the operation of the demonstrator target
during Run 2, where it helped to prove that beam-gas hadronic interactions can be used
to measure the transverse beam size along the LHC energy cycle [8]. In the measurement
region, since the gas is distributed over a wide volume, no concern is raised related to
the transverse gas density homogeneity, as was confirmed with simulations [2]. However,

the total amount of gas introduced in the LHC vacuum is beyond what is required for
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the measurement. Radiation stemming from the instrument therefore need to be carefully

considered, together with the gas target impact on beam population and beam dynamics.

7.1.1.2 Gas jet target

Other gas target solutions exist with a smaller impact on the machine vacuum, that are
supersonic gas jets [79-81]. This technology was introduced to enhance the performance
of Tonisation Profile Monitors (IPMs) and Beam Induced Fluorescence (BIF) monitors,
otherwise measuring ionisation or fluorescence of residual or distributed gas. The system
consists of injecting, on one side of the beam chamber, a highly directional gas jet, which
can be efficiently pumped out on the opposite side, after traversing and interacting with
the beam. Thanks to the directional flow of the gas, the beam chamber vacuum can
be preserved more easily with this technique than in the case of a distributed target,
where gas molecules, randomly bouncing on chamber walls, are harder to evacuate. This
phenomenon will be further discussed in Section 7.2.3.3.

There is already an application using the gas jet system in the LHC: the beam gas
curtain monitor (BGC) [82,83]. This specific gas jet interacts with the beam with an
incident angle of 45 degrees, and has a thickness in the order of 1 mm traversed by the
beam. The supersonic gas jet is obtained by applying 5 bars into a vacuum chamber
through a 30 pm wide nozzle. The gas jet is then collimated via a series of two circular
skimmers of 400 pm and 2 mm wide opening. A last 0.3 x 9mm large rectangular skimmer
provides the target with its sheet-like shape. The gas is finally collected in a dedicated
dump. This setup is of particular interest since it was designed to be operated in the LHC
ultra-high vacuum environment.

The possibility of adapting this system for the BGV instrument was considered, as
conceptually shown in Figure 7.2, with some questions left opened.

To meet the BGV specifications, a 1 mm thick condensed interaction region would
require an average gas density in the order of 2.5 x 10'® Ne/m? (consistently with the den-
sity envisioned for a distributed target, as will be calculated in Section 7.1.2). This level
represent three times the BGC gas jet core density obtained in its 1 mm thick target [83].
Therefore, the gas jet production system and the gas dump should be adapted, and fea-
sibility studies would be needed to ensure that the desired throughput can be generated

while maintaining an adequate background pressure in the vicinity of the instrument.
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Figure 7.2: Sketch of a possible adaptation of a gas jet target on the BGV.

Furthermore, a careful assessment of the transverse density homogeneity is of high
importance to avoid beam profile distortion. With such a system, a higher pressure is
expected at the core of the jet, and the distribution of beam-gas interaction vertices will
be a convolution of the beam profile with the gas jet density profile. Where the gas
density encountered by the tail of the beam profile would be 1% lower than at its centre,
1% less events would be accumulated on the impacted side of the measured distribution.
To prevent the need to introduce compensation means, one should ensure that the density
differential encountered by the widest beam to measure has a negligible impact on the beam
size measurement, compared to the 5% accuracy required. That is, for a beam width of
1.00£0.05 mm for instance, the width of the Gaussian distribution of reconstructed vertices
should not differ by more than few microns compared to the width of a distribution with
a transversely uniform target. The required level of density homogeneity can be estimated
with the widest beam to measure, and with determining what difference in tail population,
for a distribution of 5000 vertices, leads to a noticeable Gaussian width variation.

A roadmap to adapt the BGC gas jet target to the BGV could consist in (1) assessing
the required density homogeneity, (2) perform a feasibility study with optimisation of the
gas jet production setup and gas dump, based on simulations, and (3) perform a precise
measurement of the transverse density profile of the experimental gas jet.

It is also important to acknowledge that achieving a high level of precision in mea-
suring the jet density is not a trivial task. The BGV target density was measured using a
movable vacuum gauge with a 1 mm aperture [84]. In order to provide a transverse profile
measurement of beams in the order of 1 mm and below, without distortion of the tails’

population, a higher resolution in the mapping of the gas target density profile will likely
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be required. Other techniques could be investigated such as interferometry, as used in
Ref. [85].

The final difficulty of using a gas jet target is due to the system’s complexity. Com-
pared to the distributed gas target, the gas jet technology is a complex system. The high
precision manufacturing and tight alignment of the nozzle and thin wall skimmers are del-
icate steps, and multiple turbo-molecular pumps and pressure gauges are needed for the
different stages of the differential pumping chamber and for the gas dump. An additional
set of pump and pressure gauge should also be added to the beam chamber to guarantee
a sufficiently low background pressure. A dedicated control system for all these elements
to be installed in the demanding LHC tunnel environment should also be designed, tak-
ing advantage from the system developed for the BGC target. The costs related to the

installation of a large set of cables in the LHC tunnels should finally be accounted too.

7.1.1.3 Impact of the target spread on instrument’s performance

The impact of accumulating events generated in a transversely uniform target spread over
1 m or 1 cm was simulated [2] using the simulation tool described in Chapter 5. Figure 7.3

shows how the vertex resolution is impacted, for different track multiplicities.
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Figure 7.3: Comparison of the simulated transverse vertex resolution obtained for 7 TeV
p-Ne interactions, generated in a distributed (red) or gas jet (blue) target. [2]

It is revealed that the vertex resolution, and thus the beam size accuracy, is im-
proved when the interactions are generated in a smaller volume, such as the gas jet case.
Nevertheless, both technologies permit to achieve the required vertex resolution of 164 pm,

by restricting the event selection to those with 5 or more tracks. According to the simu-
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lations performed, employing a distributed gas target is hence not a showstopper to fulfil

the instrument’s specifications.

In summary, the gas jet option is a more complex technology, and assessing the
transverse homogeneity level of such a gas target is a complicated task. Given that the
use of a distributed target does not impede the fulfilment of the instrument’s specifications,
and in line with the aim for a simple instrument with low R&D and maintenance needs,

this second option was preferred.

7.1.2 Chosen target description

Following the decision for a distributed target, the measurement region, that is the volume
in which useful beam-gas interactions are generated, was defined longitudinally as a 1m
long volume centred at the optimised distance of 550 mm between the interaction vertex
and the first detector plane. The tracker design was optimised to reconstruct interactions
occurring in this volume.

The average gas density required along this region can be determined from sim-
ulations. In terms of gas species, neon will be considered in the following, as justified
in Section 5.2.1 of Chapter 5. Alternative possibilities with higher mass gases will be
discussed at the end of the present chapter.

It was seen in Chapter 4 that, in the most stringent case of measuring the Beam 2
size at the foreseen instrument location and at collision energy, only events with 5 or
more tracks entering the tracker acceptance (Ny, > 5) can be used in the beam size
measurement, called useful events. Such a constraint guarantees that a sufficient vertex
resolution is reached, to achieve a beam size accuracy of 5%. At injection energy and for
the same instrument, events with N, > 3 can be used.

Figure 7.4 shows the longitudinal distribution of such events, in the measurement
region, from simulation of 500000 inelastic proton-neon interactions, and with the final
tracker geometry, described in Ref. [2]. The simulated vertices were initially uniformly
distributed along the z axis, and the bars height is given in percentage of the 500000
simulated interactions.

In total, only 13% of inelastic beam-gas interactions occurring in the measurement
region can contribute to the beam size measurement at 7 TeV, and 37% at 450 GeV.

It was mentioned in Section 4.3.3 that a minimum rate of R = 83Hz useful
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Figure 7.4: Longitudinal distribution of useful events: with 3 or more tracks in the tracker
acceptance at injection energy and 5 or more at collision energy. The vertical scale is given
in percentage of the total simulated p-Ne inelastic interactions.

events is required to reach 1% bunch width precision in a 1min integration time. At

collision energy, this leads to a total inelastic interactions rate in the measurement region

; 83 Hz
f inel —
of Rt = 73

corresponding integrated gas density is of [ p(z)dz =

= 640Hz. Considering Equation (5.1) introduced in Chapter 5, the

inel
tot

JrevNo
the precision requirement to 2% in 1 min, which is still in the order of magnitude of the

~ 3 x 10~ " mbar. Relaxing

specifications, the required pressure drops down to 0.8 x 10~" mbar. At injection energy,
the required pressure reads 1 x 10~7 mbar for a 1% bunch width precision. Hence, the
gas target will be designed to achieve a nominal operation pressure of 1 x 10”7 mbar in
the measurement region. It should be noted that a longer accumulation time will be
needed for one of the instruments, at collision energy, to reach the bunch width precision
specification. In the following, the ideal distributed target profile will be represented with
a grey step function covering the measurement region, and with a plateau pressure of
1 x 107" mbar.

The amount of residual gas target molecules spreading outside of the measurement
region should be minimised to prevent undesired beam-gas interactions, increasing the
LHC tunnel radiation levels, and unnecessarily impacting the beam lifetime or causing
emittance growth. These interactions would also generate background noise for the BGV

tracker, although such events should be easily filtered.
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7.1.3 Demonstrator system description

As discussed in Chapter 5, a noble gas was chosen to avoid interactions with the chambers
NEG coating. Among available pumping systems, ion pumps or cryogenic systems are the
main candidates capable to pump out the neon molecules of the BGV target. For integra-
tion and cost reasons, the addition of cryogenic equipment to that currently existing in the
LHC is not possible, specifically for the BGV. Only ion pumps are therefore considered
for a proximity pumping system to the instrument gas target.

On the demonstrator system sitting in the LHC tunnel, two 410 Ls~! ion pumps are
installed on either side of the main chamber. The gas injection system is equipped with a
controlled valve tuning the gas flow, and the pressure in the wide accumulation chamber
is monitored by a pressure gauge. A commercial NEG filter reduces the level of impurities
of the injected gas down to ppb level [86]. Data recorded during Run 2 by the pressure
gauge shows a pressure rise from 1 x 10~? mbar to 1.5 x 10~ mbar when the gas injection
was turned ON, and a quick decrease back to 1.4 x 10~® mbar within less than 30s when
the system was turned OFF. The initial pressure level was reached back in about 1 min.

With a similar setup foreseen for the future instruments, part of the demonstrator
equipment already in place in the LHC tunnel can be refurbished for B2-BGV. A new
system shall be installed for B1I-BGV.

7.2 Longitudinal gas density profile optimisation

Various parameters impacting the longitudinal gas density profile of the BGV target were
considered in order to achieve the required pressure within the measurement region, while

limiting induced radiation and impact on the beam.

7.2.1 Molecular flow regime

In the pressure range of the LHC vacuum environment, the gas molecules behave in the
free molecular flow regime, which means that their mean free path is long compared to the
geometry dimensions. In this case, collisions between gas molecules can be neglected. In
other words, the Knudsen number K, = \/D is greater than 1, where A is the molecules’
mean free path and D the typical vacuum chamber dimension. The mean free path can
be expressed as a function of the pressure p and temperature T for a given molecule m of

diameter d,, as in Eq. (7.1), with k£ = 1.38 x 10723 JK ! being the Boltzmann constant.
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kT
CVemep-d2,

Considering a background pressure of 10~ mbar Hy equivalent in the LHC [87] and

A (7.1)

d% = 289 pm [88], the mean free path of residual gas molecules at ambient temperature is
ALac =109km. For the BGV target with neon gas at 10~7 mbar and d\¢ = 275pm [89],
the mean free path becomes Apgy =1.2km. Both values fall into the ultra-high vacuum
range, and with vacuum chambers in the order of few centimetres diameter, the molecular

flow conditions applies to these two cases.

7.2.2 Molflow+ simulation tool

Molflow+ [90] is the standard Monte-Carlo simulation tool for ultra-high-vacuum simula-
tions in the molecular flow regime, when gas molecules are to be treated individually.

In Molflow+, the setup geometry is defined with physical surfaces and test particles
are generated from given surfaces to which an outgassing rate is assigned, together with
an angular emission distribution. Gas molecules travel in straight trajectories, until a
geometry wall is reached, on which they bounce back in a randomly distributed direction.
Particles exit the system when they hit a sticking surface, to which a sticking coefficient is
assigned, modelling the probability of the particle to be caught by the pump. Physical or
virtual meshed surfaces can be defined to record the molecule hits density, and calculate
local pressure or gas molecules density. In this chapter, the word hit refers to the event of
a gas molecule traversing a transparent surface or bouncing against a physical geometry

surface.

7.2.3 Parametric study

Starting from the demonstrator geometry, a parametric study was performed to under-
stand how the vacuum chamber layout design would impact the longitudinal gas density

profile of the gas target and ensure a judicious gas target and gas tank design.

7.2.3.1 Simulated setup

Figure 7.5 shows different views of the simulated geometry.
The parameters of interest in this study are indicated in the top picture. Each

parameter was scanned within a meaningful range for the BGV instrument, restricting to
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values which could be used for the final setup:
e The length of the central cylindrical part L and the one of the upstream taper I,

e The distance di between the two inner pumps, as compared to a minimum reference

position as is explained in Section 7.2.3.4,
e The symmetrical distance do between the inner and outer pumps,
e The vertical distance h between the ion pump and the vacuum pipe,
e The longitudinal position z,;j of the gas injection capillary along the gas tank,
e The gas injection rate Rjyj.

The gas injection is modelled by a 1 cm circular surface placed inside the tank, shown
in red in the middle left picture. The angular emission distribution of generated molecules
takes into account the “beaming effect”, i.e. the presence of an injection tube which mod-
ifies the angular emission profile at its exit in the chamber, as compared to the commonly
used cos(f) distribution. A cos®(f) is assumed here, based on geometric assumptions. A
higher value for the exponent would change the result very marginally [91]. The gas injec-
tion rate, typically called outgassing rate in Molflow+, can be adjusted in order to reach

3 neon molecules

a plateau level in the order of 1 x 107 mbar, equivalent to 2.6 x 10> m™
density. This condition is achieved with an outgassing rate of 3.8 x 10~ % mbar L s~ .

Only neon is considered in the simulations described in this section, which is why
no desorption is assigned to the the vacuum chamber walls.

The ion pumps are modelled based on a detailed geometry provided by the CERN
vacuum group [91]. The molecules’ absorption is done on a horizontal surface, highlighted
in the picture 7.5e, to which was assigned a 0.2 sticking factor, modelling a pumping speed
of about 80Ls ! for neon. This surface corresponds to the actual location of the pump,
which is connected to the LHC beam pipe with a dedicated chamber assembly, including
an 80 mm pierced layer, acting as a RF beam screen.

A sticking coefficient of 0.05 is also set to the two circular surfaces representing the
extremities of the setup, shown in picture 7.5¢, to model the probability for the molecules
going further in the LHC than the modelled BGV region, to be caught by nearby cryogenic
equipment. For optimisation purposes, the BGV layout was first simulated this way,

independent of the surrounding vacuum environment in the LHC, which actually depends
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Figure 7.5: Geometry screenshots from Molflow+ showing the main elements (7.5a), the
studied parameters (7.5b), sticking (7.5¢ and 7.5¢) and outgassing (7.5d) surfaces, and
the one used to extract the gas density profiles (7.5f).

on each instrument’s location. The longitudinal gas density profile is in fact quite sensitive
on the absorption capacity of the surrounding environment. This impact is discussed in

Section 7.2.5.
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A virtual surface highlighted in picture 7.5f was defined inside the geometry beam
pipe, along the YZ vertical plane, between the two extremities of the structure, and with
a height corresponding to the minimum diameter of the structure. A mesh of 1400 vertical
cells of about 1 mm long each was defined on this surface. The longitudinal gas molecule
density profiles presented in the figures of this section were extracted from this surface,
each value corresponding to the average density in the cell. Unless otherwise stated, the
simulations were run for a sufficiently long time so that the statistical error in each cell is

below 1% for the tail mesh cells, and in the order of 0.1% in the measurement region.

7.2.3.2 Tank and upstream taper lengths (L and [)

Changing the length L of the central cylindrical part of the tank, or the length [ of the
upstream taper mainly affects the span of the density plateau, as revealed in Figure 7.6a
and Figure 7.6b respectively. The longitudinal gas density profiles are compared on these
figures for different lengths of L and [, with shifting upstream elements to the left. Vari-
ations of the gas density are observed at each change of the beam chamber cross section,
highlighting the importance of the reduced aperture sections to generate a pressure bump
around the measurement region. These two parameters L and [ were thus used to adjust
the length of the pressure bump, selecting the most compact configuration for which the
plateau extends up to the upstream (left) end of the measurement region: L = 700 mm
and L = 500mm. This selection aligns with the aim for a small beam-coupling impedance
contribution of the tank, with reasonably low shunt impedances of the resonant modes, as

was presented in the previous chapter.

7.2.3.3 Ion pump assemblies (h)

In the molecular flow regime, the particles are not “sucked in” by the pumps but can only
fall on the pump entrance as the result of a random motion. The layout around the BGV
ion pumps is thus critical to maximise their pumping efficiency, and minimise the profile
tails to reduce the rate of undesired beam-gas interactions.

In fluid dynamics, the gas flow Q (mbar L's ') and pressure differential AP = Py— Py
(mbar) between two extremities of a structure are proportional to a quantity called flow
conductance C' and expressed in units of Ls~!: Q = C'- AP.

The analogy can be made with electrical circuits, with the gas flow behaving as

the electrical current and the pressure representing the electrical potential. Similarly to
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Figure 7.6: Longitudinal gas density profile along the BGV target, changing the central
cylinder length L (7.6a), and the upstream taper length [ (7.6b), with a focus on the
density plateau.

electrical conductors, the conductance C; of individual pipes or structures add up if they

1 1
are connected in series: — = g o In particular, the effective pumping speed Seg
— C;
1

C

available at the beam chamber level is determined by the series connection of the pump,
of pumping speed S ~ 80Ls~! for neon in the BGV case, and of a tube of conductance
Chipe, as shown in Eq. (7.2).

1 1 1 S . Cpipe

= — Rt Se =
Sef‘f S * Cpipe g S+ Cpipe

(7.2)

In molecular flow, the conductance of a beam pipe or of a set of pipes does not
relate to the pressure, and exclusively depends on the geometrical dimensions. For thin

c
apertures, the conductance values can be expressed as Cq = ZA’ where A is the aperture

/T
area and ¢ the particle velocity, scaling with {/ —, where m is the gas mass. In the case
m

of long tubes, the conductance Cpipe corresponds to the product of the conductance of
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the opening surface times a transmission probability P: Cpipe = C4 X P. Intuitively, the
longer the pipe, the lower the probability for a particle entering it to exit through the
pipe’s exit. While the transmission probability of a tube has a complex analytical form,
the conductance of a straight cylindrical pipe of diameter d and length L, for air gas at

room temperature, can be approximated with the Dushman formula [92]:

3
12.4%
Cpipe = W (73)
1 -
3L

In our specific case, the gas flow from the beam pipe to the pump will be favoured
by a large opening diameter and a short length.

Finally, in the LHC, the openings in the beam pipe corresponding to a pump con-
nection have to be shielded from the beam electromagnetic fields, to limit beam-coupling
interactions with the walls. An RF shielding is therefore installed at the connection be-
tween each pump and the beam pipe. Visible in Figure 7.5e, it consists of a copper tube
pierced with race-track shaped holes, and is installed as a continuity of the beam pipe. Al-
though necessary from a beam-coupling impedance perspective, this shielding also affects
the pumping efficiency, as it obstructs the connection hole with an opacity of 75%.

In sum, the effective pumping speed of the BGV ion pumps is significantly impacted
by the presence of the RF shielding and connection pipe. These components already have
a specific and optimised design used in the LHC. The support module of the pumps, each
weighting in the order of 200 kg, includes a 150 mm connection flange between the beam
chamber and the connection pipe, which is 40 cm long.

This length, modelled by the vertical distance h between the sticking surface of all
four BGV pumps and the beam chamber, was scanned with Molflow+ simulations, and the
impact on the BGV gas profile is visible in Figure 7.7. The position of the four ion pumps
is revealed by the change in the slope of the tails, at about 4.6 m, 5.7m, 8.6 m and 9.7 m.
While the plateau pressure is not significantly affected by this parameter and stays in the
desired range, the pressure in the profile’s tails is smaller for shorter hA. For the actual
BGYV setup, when installed in the LHC, the neon pressure introduced by their target will
only drop to small levels (< 10'® Ne/m?3) when reaching a cryogenic equipment, and the
tails shown in the figures of this profile optimisation study will expand until this point, as

will be shown in Section 7.2.5. Here, the tails reduction observed for small i values will
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likely propagate in the entire vacuum sector, and the impact on the total amount of gas
molecules present in the LHC beam pipes can become significant. The ion pumps already
installed in the LHC are mounted on a support placing them at a distance h =40 ¢cm from
the beam pipe. This parameter cannot be easily improved, but was still shown to have a
strong impact on the profile’s tails. If needed and allowed in the future, reducing h would

be an effective way of reducing the profile’s tails.

T
—— h=20cm
—— h=30cm
= h=40cm
E 101 /
2
>
&
C
s ]
kel
° \\\
o
S \\\
2 / \\
1014 \\4
0 2 4 6 8 10 12 14

Longitudinal position (m)

Figure 7.7: Longitudinal gas density profile along the BGV target, varying the vertical
distance h between the beam pipe and the sticking surface of the pump.

The importance of the pipes’ layout at the insertion of the vacuum pumps was
discussed in this section with limited improvement possibilities. In the following section,
the horizontal placing of the BGV ion pumps with respect to the gas accumulation chamber

is investigated.

7.2.3.4 Horizontal position of the vacuum pumps (d; and dy)

As mentioned above, the gas tank includes restricted aperture chambers preceding the
first, so-called inner, ion pumps. The presence of these sections is required to confine the
gas in the wide aperture part, where the density distribution should be fairly uniform.
The smallest possible diameters granting a sufficient margin for beam aperture were
chosen for the restricted aperture sections on each side, as discussed in Section 6.2 of the
previous chapter. In terms of length, the downstream chambers are holding the tracker
detector, and should therefore be long enough to support the detector modules. On the
upstream side, a minimum length of 25cm was set to the restricted aperture section, to
ensure gas containment within the tank. Based on these dimensions defining the shortest
possible configuration, a reference position for the two inner vacuum pumps was defined,

and the corresponding distance between the inner pumps called dy, as in Figure 7.5. The
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distance d; between the inner pumps was increased by steps of 40 cm, symmetrically
distributed between the two sides. The obtained profiles are shown in Figure 7.8, where
the densities are given with a statistical precision better than 0.6% in the tails and 0.06%

at the density plateau.
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Figure 7.8: Longitudinal gas density profile along the BGV target, symmetrically varying
the distance d; between the two inner pumps.

Based on this plot, the closest positions of the inner pumps to the gas injection show
smaller tails, but also a lower plateau density. To achieve a similar beam-gas interaction
rate in the measurement region, the injected gas flow should thus be increased, rising in
turn the proportion of gas molecules populating the profile’s tails, as will be shown in the
following section. The tails population hereafter designates, at equilibrium, the ratio of
the gas target density integrated over the distance and excluding the measurement region
(which represents the density of the profile tails), over the total integrated target density.

Table 7.1 compares these configurations by showing for each the proportion of gas
molecules outside of the measurement region in the simulated zone, at equilibrium. Un-

certainties on the tails population are obtained by propagation of the statistical errors.

Table 7.1: Tails population varying d;.

di | dy | do+2x20em | do+2x40em | do+2x60cm | do+2x80cm
Tails 1 vo 3 L 01% | 7354 01% | 73.840.1% | 742+ 01% | 74.8+0.1%
population

For the five simulated cases, the tails population is close to 75%, highlighting the
drawback of a distributed gas target for which only about a quarter in this case of injected
gas molecules spread in the measurement region. The impact of d; on the tails population

is very small in the range considered: the difference in tails population between the two
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extreme cases, increasing dy by 1.60 m, is smaller than 2%. A small trend is still observed,
where the bigger distances between the inner pumps show slightly larger tail populations.
For the final setup, a short dy is preferred, but the position of the inner pumps can be
adjusted to match other constraints, for instance to select standard beam pipe lengths, or

fit into the tight space constraints at the foreseen location of the Beam 1 instrument.

The same approach was used to study the impact of the distance ds between the
inner and outer pumps, which is equal on either side of the instrument. Results are shown
in Figure 7.9. As expected, due to their larger distance from the measurement region
compared to the inner pumps, the gas density in the measurement region is less affected
by the position of the outer pumps. Its density level is still slightly lower for smaller ds

configurations. A change in the tails shape is again noticed.
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Figure 7.9: Longitudinal gas density profile along the BGV target, symmetrically varying

the distance do between the inner and outer pumps.

Table 7.2 lists the tails population for each of these new configurations, quantifying

the changes observed in Figure 7.9.

Table 7.2: Tails population varying ds.

d | 7em | 100ecm | 125cm | 150cm | 200cm
Tails
| T42£01% | 73.7+£0.1% | 73.5+£0.1% | 73.4+£0.1% | 73.4+0.1%
population

In the considered range, the impact of do on the tails population is again limited and
even smaller than the one observed for di. Larger ds encourage smaller tails populations,

with a negligible impact above about 1.25 m distance between the inner and outer pumps.
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Following these results, these two distances were preliminary set to d; = dp and do =
1.3m, in order to make the instrument compact but with reasonable free spaces kept to
install and maintain the BGV equipment, and bake-out the beam chambers. Both of these
values can be adjusted in the future without significantly affecting the tails population,

that is the radiation and beam impacts of the BGV gas target.

7.2.3.5 Gas injection system (zi,j and Riy;)

Regarding the injection of the gas in the gas tank, the position zj,; of the capillary along the
cylindrical part of the tank was varied between the different profiles shown in Figure 7.10.
The vertical scale is this time linear, to highlight the slight differences in the shape of the
plateau. Provided that the gas is injected along the cylindrical part of the tank, the tails
population is not affected by zi,;. The longitudinal plateau density is more homogeneous
with placing the capillary at the centre of the wide cylindrical part.
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Figure 7.10: Longitudinal gas density profile along the BGV target, varying the horizontal
position of the emitting surface zj,; along the cylindrical part of the tank.

The gas injection rate R;,; was also considered. As verified in Figure 7.11, the entire
gas density profile linearly scales with the outgassing rate set to the surface modelling the
injection capillary. The purple curve shows the simulated profile for an outgassing rate of
3.0 x 10 mbar Ls~! and the orange one for 4.0 x 10 ®mbar Ls~!. The linear evolution
is verified with the yellow profile, corresponding to the purple one, scaled by a factor
1.33, which agrees well with the orange one. This behaviour matches the expectation
that for a similar pumping probability (same sticking capacity of the sticking surfaces,
without changing their surface nor the geometry), a higher injection rate simply increases
the amount of molecules evolving in the system at a given time.

From instrument operation point of view, this means that tuning the gas flowing
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through the capillary with the injection valve should proportionally increase or decrease

the gas density seen by the beam all along its trajectory.
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Figure 7.11: Longitudinal gas density profile along the BGV target, varying the gas injec-
tion rate Rip;.

7.2.3.6 Summary

Test Particle Carlo simulations helped to understand how the longitudinal gas target
profile is influenced by the gas tank layout and by the main elements of the gas target
injection and pumping system.

Regarding the gas injection, the horizontal position of the injection capillary does
not affect the gas density distribution, while increasing the gas throughput proportionally
raises the gas density levels at any point of the profile.

The pressure bump around the measurement region is guaranteed by the reduced
aperture sections surrounding the wide tank in which the gas is injected. The final lengths
of the upstream taper and of the wide cylindrical part of the gas tank are chosen in order
to ensure that the gas density plateau includes the entire measurement region.

Several parameters were investigated with aiming at reducing the tails population,
without great success: in the simulated region, the horizontal position of the ion pumps
was slightly optimised but has a very limited impact on the tails population. Reducing the
horizontal distance between the pumps and the beam pipe could significantly affect the
tails level, but would require modifying the module supporting the heavy pumps, which
is not a trivial task. Adding a third pair of ion pumps would help to further decrease
the tails population, but also increase the instrument’s length, cost and complexity, and is
therefore not an option. Alternatively, the BGV residual gas molecules will be captured by

the cryogenic pumping systems of the nearby magnets, as will be discussed in Section 7.2.5.
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7.2.4 Optimised gas density profile

The gas profile was simulated for the final version of the tank layout, presented in the
previous chapter, where each design parameter was optimised taking into account instru-
ment performance needs, beam-coupling impedance minimisation, mechanical stability
and integration constraints. The ion pump positions correspond to those discussed in the
previous section.

The final profile of the BGV, simulated with the boundary condition of a 0.05 sticking
coefficient at the beam pipe extremities, as for the above presented simulations, is shown
in Figure 7.12 with the orange curve. The position of the ion pumps is indicated with
vertical arrows, and the one of the first tracking detector layer by the vertical dotted line,
in orange too.

The tank dimensions and gas injection rate guarantee a homogeneous density plateau
with the desired gas density level in the measurement region, indicated by the grey rect-
angle. The inner pumps are placed as close as possible to the gas tank to ensure a quick
pressure drop, and separated from the outer pumps by a distance of 1.3m. As previously
discussed, this length can be adjusted depending on the vacuum chamber layout at each

instrument location.
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Figure 7.12: Longitudinal gas density profile of the optimised BGV setup (orange) and
of the demonstrator (blue). Pump positions are shown with the vertical arrows, and the
first detector location is indicated with the vertical dotted line. The measurement region
is also represented by the grey block. The density values are given with a precision of at
least 0.1%.

For comparison, the simulated profile of the demonstrator geometry is also shown
in blue in this figure, with the position of the pumps and first detector layer indicated in
blue. The main differences between these two layouts, shown side-by-side in Figure 7.13,

are the dimensions of the tank and the distances of the four ion pumps to the target
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centre. The injection rate of the demonstrator was scaled to reach 2.5 x 105 Ne/m? in
the measurement region. Here the integrated gas density of the new configuration appears
25% smaller than the one of the demonstrator. This value is to be considered very carefully
as these simulations do not take into account the cryogenic equipment in the surrounding
of each instrument. Once integrated in their respective foreseen locations, the tails may
expand and the total integrated pressure of each instrument may significantly differ from
the values obtained from these simulations. In particular, the higher gas density levels of
the new setup at the beam pipe extremities (longitudinal positions 0m and 14 m) give a
hint that the demonstrator gas density may decrease quicker in distance on either side of

this region than the density of the new setup.

Demonstrator BGV

HL-LHC BGV

Beam
direction

Z oo

direction

Figure 7.13: Layout of the optimised HL-LHC BGV and of the demonstrator instrument,
shown side-by-side in Molflow+.

7.2.5 Effect of cryogenic pumping

In order to assess the impact of the BGV gas target on the LHC beam and radiation
environment, and accurately compare the density profiles of the two setups, further simu-
lations placing the BGV final geometry in the vacuum environment corresponding to the

foreseen locations are required.
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7.2.5.1 B2-BGV

Such simulations were performed by the CERN vacuum group, for the Beam 2 instrument
and with the HL-LHC version of the setup, placed at —220m with respect to IP4 cen-
tre [93]. The resulting profile is shown with the purple curves in Figures 7.14a and 7.14b.
In comparison, the orange curves show the profile obtained with the simulations detailed
in the previous section, that was shown with the same colour in Figure 7.12. The top
plot 7.14a reveals that the gas profile tails only decrease to a negligible level when reach-
ing a cryogenic equipment, represented here by the grey blocks. At the foreseen location
of the B2-BGV, the closest cryogenic systems are quadrupoles, as will be shown in Fig-
ure 7.15b. For this specific device, the gas density levels in the tails were underestimated
by the simulations discussed in the previous sections. In particular the sticking coeffi-
cient of 0.05 at the beam pipe extremities was, in this case, an optimistic estimate of the

absorption capacity of the surrounding environment.

7.2.5.2 B1-BGV

At the time of writing, the B1-BGV instrument location has not been reserved, and a
similar simulation was not yet performed with integrating the updated BGV geometry
in the BI-BGV vacuum sector. However, at the foreseen location, the closest cryogenic
quadrupoles shown in Figure 7.15a are located closer to the BGV instrument compared to
the case of the Beam 2 device. The integrated pressure of the BI-BGV target is therefore

expected to be significantly lower.

7.2.5.3 Conclusion

The longitudinal gas density profile of the BGV instruments was optimised with a hypo-
thetical representation of the absorption capacity of the surrounding vacuum chambers.
The distance or proximity of the closest cryogenic systems significantly affects the tails of
the simulated profile in the case of the B2-BGV. Smaller tails are expected for the BI-BGV
profile. In the following and to be conservative, the radiation impact of the BGV target
and its impact on the HL-LHC beam emittance growth and lifetime will be estimated

considering the B2-BGV updated gas profile, shown in purple in Figure 7.14a.
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Figure 7.14: Longitudinal gas density profile of the final B2-BGV setup, integrated in
the vacuum sector at the foreseen installation location (purple curves). The profile from
the simulation independent of the BGV location in the LHC, obtained from the profile
optimisation study and already shown in Figure 7.12, is displayed in orange for comparison.

7.3 Impact on the radiation environment and LHC beam

The BGV instrument aims to provide a beam size and profile measurements in a non-
invasive way. This necessitates ensuring that beam-gas interactions have a negligible
impact on the beam lifetime and emittance. This section addresses the impact of the BGV
gas target on the LHC beams. The contribution of the secondary showers introduced by

the BGV gas target to the radiation levels in the LHC tunnel is also discussed here.

7.3.1 Radiation

Analyses of the Total Ionising Dose (TID) rates and High Energy Hadron equivalent
(HEHeq) fluence in the vicinity of the demonstrator BGV revealed that, when turned

ON, the demonstrator BGV became the main source of radiation in its vacuum sector
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and up to 150 m downstream [94,95]. During data taking runs, the demonstrator target
was operated with a gas density profile with a similar shape to the blue one shown in
Figure 7.12, although as already discussed, this simulation underestimates the tails which
likely extend up to the closest cryogenic chambers few tens of meters away from the
instrument. According to the data recorded during Run 2 by the gas tank pressure gauge,
the average plateau pressure was of 1.45 x 10~ mbar, and this level was the same for both
proton and ion runs.

Simulations were performed [95], from the CERN team in charge of studying Ra-
diation to Electronics (R2E) [96-98], to estimate the radiation stemming from the BGV
instrument. The main conclusions are summarised in this section, and the detailed study
can be found in [2]. The simulations were first successfully benchmarked, based on the
data recorded during Run 2 by Beam Loss Monitors (BLM) [99] and Radiation Monitors
(RadMons) [100] in the vicinity of the demonstrator BGV. Estimates were then made
for the future instruments, considering the HL-LHC beam parameters presented in Chap-
ter 2, and the expected gas density profile of the HL-LHC BGV (purple profile from
Fig 7.14). The same extended gas profile obtained from B2-BGV simulations was used
for B1-BGV estimates. This consideration corresponds to a worst case scenario, as the
B1-BGV integrated profile is expected to be smaller thanks to the closer proximity of
cryogenic equipment to the foreseen B1-BGV location. TID rates and HEHeq fluences for
the HL-LHC instruments were first computed for 1h of instrument operation, and then
scaled to obtain the expected quantities per year, with considering a minimum of 400 h of
instrument operation in a year. To be conservative, the per hour quantities are considered
for 7 TeV beams and scaled as if the beam was at collision energy during the yearly 400 h
operation time.

The impact of secondary showers on the closest cryogenic magnets is considered
first. Figure 7.15 shows the location of the neighbour cryogenic magnets at the two
instrument locations and the expected TID rates at beam height, induced by 1h of BGV
target operation at collision energy, in the vicinity of each instrument. B2-BGV would
become the main source of radiation for the Q7 quadrupole downstream, and for the two
first dipoles of the downstream arc: BA8 and BB8. B1-BGV showers would affect the
Q5 quadrupole upstream of the instrument, and Q6 and Q7 quadrupoles downstream, in
addition to BA8 and BB8. Beyond these magnets, the TIDs induced by the BGV target

drop below the levels measured during Run 2.
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Figure 7.15: Simulated TID rates induced by 1h of operation of the BI-BGV (7.15a)
and B2-BGV (7.15b) instruments at 7 TeV. The position of the closest quadrupoles are
indicated. [2]

Maximum heat load and TID rates in the magnets of each kind (dipole or quadrupole)
and for each location are listed in Table 7.3. The total power dissipated in the entire mag-
net is given in the first column, and the maximum power density in the second column. At
both location, the Q7 quadrupoles are the one absorbing the most radiation energy. The
first dipole, BAS, receives most of the radiations at the right of IP4 (B1-BGV), whereas
downstream of the B2-BGV, a higher peak is observed in the second dipole, BBS.

Table 7.3: Heat load and TID rates induced by the operation of the BGV target in the

neighbour cryogenic magnets. Each value corresponds to the maximum among the magnet
of the same kind (quadrupole or dipole).

Most affected Total Maximum Quench Maximum

magnet of its | deposited power limit [101] TID

kind power density rates
Beam 1 Q7 760mW  1mWem™®  40mWem 3 | 0.2kGyh—!
BAS8 1600mW 0.3mWem 3 13mWem 2 | 0.1kGyh !
B 5 Q7 290mW  0.2mWem 3 40mWem 2 | 0.2kGyh !

eam

BAS 1200mW  0.7mWem 3 13mWem 2 | 0.3kGyh !

Even for the magnets receiving the highest doses, neither the maximum power den-
sity nor the total dissipated power on the whole magnet are worrying in terms of total

heat load, which is way below the design limit of tens of Watts [101]. The maximum
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expected power density does not exceed 5% of the assumed quench limit, excluding the
risk of quenching. Cumulative damages are no cause for concern either, with TID rates
of at most about 100 kGy per year, which is two orders of magnitude below the long term
radiation dose limit being of few tens of MGy [101]. The BGV showers therefore do not

represent a threat for the nearby and downstream superconducting magnets.

Regarding the risks to electronic systems, the HEHeq fluence levels were evaluated

0'% cm 2 /year, starting downstream of each gas

in air at the floor level. A plateau at 1 x 1
target and spreading up to BB8 downstream, on each side of the IP. Stochastic failure due
to single event effect are expected from about 3 x 10'° cm 2 /year. Moreover, TID levels of
about 10 Gy/year are expected at the floor level, leading to reduced lifetimes of the nearby
electronic systems. While being far below the levels measured and expected close to the
high luminosity producing experiments [102], these levels are significantly higher than the
arcs baseline [103] and may represent a threat for the lifetime and well functioning of the
nearby devices after few years of operation of the BGV targets.

Thanks to the long space reservation made for the B2-BGV, and to the proximity
of the arc, there is no sensitive equipment downstream of the B2-BGV target. How-
ever, various electronic devices, mainly beam instruments, are installed downstream of
the foreseen B1-BGV location. At the time of writing, this location was not yet finally
approved. Once it will be, a systematic investigation involving equipment owners should
be performed, with the aim to estimate whether the expected levels are acceptable for
each system. Shielding mitigation solutions will be envisioned where needed. Although

unlikely, a limitation on the operation time of the BGV may arise from these discussions.

For operation times of about 400 h with 7 TeV proton beams, the radiation showers
introduced by the BGV are far below worrying levels for the nearby cryogenic magnets.
They still represent a threat for the electronic devices already installed in the tunnel, from
about 150 m on the right side of IP4 and up to the beginning of the arc. In case limitation
of the ON time of the target is set for radioprotection reasons, the BGV could be used in
priority during fills dedicated to emittance growth study, in machine development runs.
One could for instance define a radiation budget corresponding to an operation time bud-
get per year, to spread over the fills according to the operation and machine optimisation

needs. Operators of the instruments should also keep in mind that the radiation impact
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of the BGV target scales linearly with the beam energy, i.e. radiation levels are 10 times

lower at injection energy, as is shown in [2].

The BGV tracking detectors are expected to be exposed to radiation doses in the
order of 0.1 Gy/h [2]. TimePix detectors are known to show degraded functionalities from
about 1 kGy [51], which confirms that this technology is suitable for the BGV application.
Regarding the Data AcQuisition (DAQ) system, front-end boards will be placed on the
floor, few meters away from the instrument, and back-end boards in the tunnel gallery,
which is shielded from the beam tunnel, to avoid unnecessary radiation exposure. More

details regarding the BGV DAQ system can be found in Ref. [2].

7.3.2 Beam lifetime

The amount of beam particles interacting with the gas target is discussed and assessed
below.

The time evolution of the beam population N(¢) due to the presence of the gas
target follows Equations (7.4) and (7.5), where A represents the interaction probability of

a beam particle with a gas molecule [45].

AN
o = AN (7.4)
N(t) = Nge ™ (7.5)

At t = 0, the interaction probability A is equal to the ratio of the interaction rate R by the
initial beam population Ny: A = Ny/R. The beam lifetime £ is defined as the time after

1
which the beam population has decayed by —, and is equal to the inverse of the interaction
e

1 R

te R: £ =— = —.
rate ¢ A Ny

The expression of R is reminded from Chapter 5, and depends on the integrated gas

density profile [ p(z)dz and on the interaction cross-section o:

R= freVNga/p(z)dz. (7.6)

While it is clear that the interacting beam particles are lost in inelastic collisions, elastic
interactions, representing 1/3 of the total interactions [43], only cause the lost of the beam

particle if the deviated trajectory leads it outside of the dynamic aperture (beam stability
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region in phase space). Since the proportion of elastic collisions causing a beam particle
loss cannot be exactly determined, the actual £ is assumed to lie between the lifetime due

to inelastic interactions and the one due to all types of interactions.

The interaction rates corresponding to the wide B2-BGV gas profile shown in Fig-
ure 7.14 are listed in Table 7.4, together with expected lifetimes at injection and collision
energy, and for both proton and ion beams. The rate of particles lost in one hour of BGV
operation, Ry, is also given for each case, considering that all types of interactions lead

to a particle loss.

Table 7.4: Impact of the gas target on LHC beam population, considering the B2-BGV
longitudinal profile shown in Figure 7.14

Beam Rtot Rivel Riosy (h™1) Beam lifetime
s 450GeV | 7.5MHz 5.2MHz 1.0 x 10'° 3.0 < £ < 3.9 years
ru
P 7TeV | 9.1MHz 62MHz 1.2x109 22 < ¢ < 3.3 years
450GeV | 7.2kHz 6.0kHz 2.6 x 10" 130 < £ < 160 days
Pb runs

7TeV | 87kHz 7.1kHz 3.1x107 110 < ¢ < 130 days

In comparison, the nominal beam population is reminded to be 6.1 x 10 for proton
runs and 2.3 x 10! for ion runs. At collision energy, the beam lifetimes are in the order
of 100h [14].

Expected lifetimes due to the presence of the BGV target are in the order of years,
meaning that its impact is very limited and should not be noticeable at the time scale of a
fill. The amount of beam particles lost per hour of BGV operation, in the order of 1 x 10'°
for proton beams, also represent a very small fraction of the total 6 x 10'* protons per

beam.

7.3.3 Emittance growth

Elastic scattering of the beam particles on the gas molecules from the BGV target can
deviate the incident particles from their initial trajectory, and cause emittance growth.
For a 1o beam size, the emittance growth per turn Ae due to the presence of the BGV
target can be calculated with Eq. (7.7), as detailed in Ref. [104], where the gas target
is considered as a distributed thin scatterer. In this formula, g, is the charge number
of the projectile, ie. of a beam particle, of momentum p and relativistic velocity S.. B

represents the average transverse g-function along the gas target of length Az.
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1 2(13.6MeV>2— Az (7.7)

A= 2%\ 5, ¥ Lrad

In the case of the BGV, the radiation length of the neon target is L;uq, ne =~
Lyad, Ne, tatm/(P/1 atm) = 1.2 x 101¥m, where P = 1.0 x 10 ®m 3 is the average gas
pressure along the target obtained with the B2-BGV projection (as seen in Section 7.2.5)
and Lyad, Ne, 1atm = 344 m the radiation length of neon at atmospheric pressure [43]. The
same gas profile is assumed for the two instruments’ targets. Since the two BGV devices
will be installed in regions with different beta functions, the impact of their targets on the
transverse emittance of each beam will be different.

The normalised emittance growth rate Ae, can be expressed in pmh~! by scaling
Ae with the beam relativistic velocity (,, Lorentz factor vz of the corresponding energy
and with the LHC revolution frequency. The resulting values are summarised in Table 7.5
for each beam at injection and collision energy, and plotted as a function of the beam

momentum in Figure 7.16.
Table 7.5: Emittance growth rates due to elastic scattering.

Energy ‘ Ae (r radm/turn) Ae, (nmh™') Ae,/e, (%/h)

Beam 1 450 GeV 4.7 x 10719 9.2x 103 0.5
7TeV 2.0 x 102 5.9 x 104 0.03
T 450 GeV 24 x 1019 4.6 x 1073 0.2
7TeV 9.8 x 1022 29x 104 0.01

Consistently with the instrument operation time per fill mentioned in section 7.3.1,
an estimate of the emittance growth per fill can be calculated. Considering a normalised
emittance of 1.7pm at 450 GeV and 2.5pm at 7TeV, the emittance growth rates corre-
sponding to 1h of BGV operation at injection and 1h at collision energy are of about
0.5% for Beam 1 and 0.2 % for Beam 2.

These results are small compared to the emittance measurement accuracy requested
of 10%, and also small compared to the currently identified sources of emittance growth [105,
106]. This impact was deemed acceptable [64], but should nevertheless be kept in mind
for machine performance, when operating the BGV instruments. It will scale with the
instrument’s operation time, but is highly dominated by the impact at injection energy,
as revealed in Figure 7.16. Longer instrument operation at flat top will cause very little

change to these values.
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Figure 7.16: Expected emittance growth rate Ae in pmh—' due to the BGV target for
Beam 1 (blue curve) and Beam 2 (orange curve), along the LHC energy cycle, assuming
the same longitudinal gas density profile for the two instruments.

It can be noted that during Run 2, the demonstrator target that was turned ON
during multiple hours in a row for beam size measurement, and sometimes also during
most of the LHC energy cycle. No problem was raised regarding the LHC operation with
this use of the gas target, operated with the same pressure for both proton and ion runs.
The HL-LHC BGYV targets would be operated at a similar pressure level, which gives

confidence that their operation will be safe regarding machine operation.

7.3.4 Electron clouds from beam-gas ionisation

In the LHC, electron clouds are generated through several mechanisms [107]. Primary
electrons can originate from ionisation of residual gas, or be extracted of from the beam
chamber walls by the synchrotron radiation issued from the beam (photoelectrons). At
collision energy, this second mechanism dominates. When hitting then chamber walls,
these primary electrons can either be elastically reflected, or extract secondary electrons.
These electrons can also be accelerated by the beam fields, leading to higher secondary
emission yields.

The build-up of electron clouds can lead to pressure rise, heating of accelerator com-
ponents, in particular cryogenic chambers in the arcs, and beam instabilities at injection.

At collision energy, the presence of NEG coating on the BGV walls will limit the
photo-electron production yield, like for most vacuum chambers in warm sectors. The

electron production rate due to beam-gas ionisation of the BGV gas target was however
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not yet investigated at the time of writing. The experience gained with the demonstrator
BGV target gives confidence that this effect will not be a showstopper, but it should be

considered in details before the instruments’ implementation [108].

7.3.5 Conclusion

Given the small expected impact of the HL-BGV targets on the HL-LHC beams, and
thanks to negligible impedance contributions of the final gas tank design, this measurement
technique can be considered as a non-invasive. The HL-BGV targets would introduce a
significant radiation source on either side of IP4, but their impact on nearby equipment
only concerns the electronic systems installed on the second half of the right side of the
IP4 long straight section. Further work is needed to implement mitigation solutions in
this regard, and a limitation of the BGV target operation time for radiation protection
reasons cannot excluded so far. The contribution of the target to electron clouds build-up
through beam-gas ionisation should also be assessed before implementation.

While the radiation impact of the BGV targets linearly increases with the beam
energy, the introduced emittance growth mainly concerns Beam 2 at injection energy, and

become negligible when the beam energy increases.

7.4 Beam size measurement with a distributed target

It was seen in Chapter 4 that the beam optics, in particular S-functions, are not constant
along the measurement regions at the foreseen installation locations. This results in a
beam size gradient in the order of up to 1-2%, along the 1m long regions in which the

beam-gas interactions are generated. The gradient values are summarised in Table 7.6.

Table 7.6: Expected beam size gradients at BI-BGV and B2-BGYV locations.

Instrument | Ener Beam size gradient Percent of
&y Ao, /As pmm™! Aoy /As pmm ! ‘ beam size
450 GeV 17 24 1.5% 2.3%
B1-BGV
7TeV 4.5 5.0 1.0% 1.4%
BI.BGV 450 GeV 14 ~0 1.8% negyg?ble
7TeV 4.0 ~0 1.7% negligible

The resulting linear beam size variations are significant compared to the beam size

accuracy specification of 5%. This effect can be compensated by located the measured
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beam size at the centre of mass longitudinal position of the vertices contributing to this
measurement. This is made possible by the longitudinal vertex resolution of the instrument
in the order of few millimetres [2]. The S-function values at the obtained position shall

be consider accordingly, to derive the emittance.

7.5 Higher mass gases

The choice for a neon gas target was already discussed in section 5.2.1. For the sake of
completeness, this section questions the potential interest of using higher mass gas species.

For higher mass gases, the beam-gas interaction rates are increased, due to the
higher atomic mass A impacting the interaction cross-sections: o®t oc A%77, ginel oc A0-T1
as was presented in Section 5.2.2 of Chapter 5. The beam-gas interaction rates, average
number of tracks entering the tracker acceptance and average tracks momentum are listed
for neon, argon and xenon in Table 7.7 for 7 TeV protons beams. The values are given for
a 1m-long target at a pressure of 1 x 10~" mbar and the number of tracks in the tracker

acceptance is estimated with the final tracker geometry.

Table 7.7: Comparison of beam-gas inelastic cross-sections and interaction rates for 7 TeV
proton bunches on a 1m-long target of neon, argon and xenon, at an average pressure of
1 x 107" mbar.

Inelastic Average Ny, | Average track
interaction rate in tracker momentum
per bunch (Hz) | acceptance (GeV/c)

Neon (Ane = 20) 220 3.2 6.3
Argon (Aa, = 40) 360 3.5 6.2
Xenon (Axe = 132) 840 4.2 5.9

Considering the BGV target volume described above, the same interaction rate
compared to neon can thus be achieved with argon (or xenon) with decreasing the pressure
by 28% (respectively 61%).

Regarding the impact on instrument performance, the average number of tracks
per event in the tracker acceptance is increased by a factor 1.24 for argon and 1.79 for
xenon compared to neon. With one of these two gases and with a similar interaction
rate, more events could thus be reconstructed (higher bunch width precision or shorter
integration time) and the vertex resolution would be improved (better beam size accuracy).

Nevertheless, more tracks per interaction also lead to higher radiation levels stemming from
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the instrument.

On the other hand, the average track momentum is slightly reduced with the increase
of gas mass, meaning lower quality tracks. The vertex resolution for events with the same
tracks multiplicity was compared for neon, argon and xenon, with the result shown in
Figure 7.17, to estimate how the vertex resolution is impacted by the reduced tracks
momenta. A slight vertex degradation is indeed observed with the higher mass species.

The same analysis performed for lead ion beams lead to the same conclusions (see

Appendix E).
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Figure 7.17: Impact of the gas species on the transverse vertex resolution, for events with
similar number of tracks in the tracker acceptance. [2]

There is therefore no strong interest in using a higher mass gas in terms of instrument
performance, considering the vertex resolution and beam size measurement accuracy. A
higher mass gas would however allow to operate the instrument with a lower pressure to
achieve a similar precision to neon, thus reducing the impact of the gas target on the
beam lifetime. The impact on radiation environment should also be reduced with a lower
pressure, but the increase in average tracks multiplicity per inelastic collision will also

impact the resulting radiation levels.

7.6 Summary

The HL-LHC BGV gas target design is based on the distributed system that proved to
work reliably with the demonstrator target operated in the LHC during Run 2. The

longitudinal gas density profile was optimised in order to meet instrument requirements
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while ensuring a sharp drop of the profile tails to minimise undesired beam-gas interactions.
The impact of this new target on the LHC beams was quantified and is expected to be
very small. Radiation studies were done to estimate induced levels in the LHC tunnel due
to beam-gas interaction with the BGV gas target. A limitation to the up time of the gas

target may be defined, to limit its impact on the surrounding electronic systems.
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Chapter

Unfolding the beam profile from the

vertices distribution

As was shown in Chapter 4, the distribution of reconstructed vertices provided by the
BGYV is a convolution of the beam profile with the instrument response function. A good
understanding of this response function is therefore critical for an accurate beam profile
unfolding (deconvolution). A method is proposed in this chapter to determine the response
function, specific to a set of measured vertices, that was inspired by the method used by
the LHCb experiment [6,7]. It is tested on simulated data, and unfolded beam size and

profile results are presented.

8.1 Vertex resolution

The transverse vertex resolution oy, along one of the transverse planes u = {z,y} is
defined as the width of the distribution of residual distances 7, ; between the true vertex

position Ugrue,; and the measured position Umeas,i for each vertex i:

Tu,i = Utrue,i — Umeas,i - (81)

An example residual distribution is shown in Figure 8.1. This distribution is fitted
with a sum of a core and a tail Gaussian functions, of respective amplitude and width (p.,

o.) and (p, 0¢), and sharing the same mean. The width o, of the distribution is obtained
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by weighting the width of each Gaussian function, as:

Oy =\ fe02 + fio?, (8.2)

O
where the core f. and tail f; weighting factors are given by f; = _Pi% o1 each
PcOc + PiO¢
Gaussian function (i € {¢,t}). The error on o,, is obtained via error propagation of the
errors on p., pt, 0. and oy.
A double Gaussian function is used here instead of a single Gaussian function, since
it was shown to model best the obtained distributions in most cases. This is likely due to

to the accumulation of vertices with dissimilar characteristics.
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Figure 8.1: Distribution of horizontal residuals between the reconstructed and true vertex
positions, for vertices reconstructed with N;, = 7 tracks. The double Gaussian fit is shown
in red, and the core and tail Gaussian functions are respectively plotted in green and blue.

Assessing the vertex resolution of the BGV requires to know the true position of
each measured vertex. This is the case when working with simulations. This method will
be called true residuals method (TRM), and the residuals from Eq. (8.1) noted r;{lfM.

Experimentally, the vertex resolution can be determined via the split vertex method
(SVM), used by some of the main experiments at high luminosity collider facilities [5,109].
This data driven method consists in dividing the set of tracks issued from a primary vertex
into two subsets, as illustrated in Figure 8.2. A so-called split vertex is reconstructed from

each set, independently. The width of the distribution of residuals between the two split
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vertex positions gives a measurement of the vertex resolution. In this case, the vertex
resolution impacts the position of both split vertices, and the distribution width is a

convolution of the resolution of each split vertex oyix,1 and oy 2:

_ 2 2
OpSVM = \/ Oytx,1 + Oytx,2 * (83)

If both split vertices share the same resolution oyixsplit, then o.svm = oyixgplit X V2.
Therefore, the resolution of these split vertices is measured by the distribution width
divided by v/2.

Alternatively, the residuals can be directly divided by v/2 in the accumulation pro-
cess:

’I’SVM = (ulji — U27i>/\/§, (8.4)

U,

in which case the split vertex resolution is directly measured by the distribution width.

deviation 6,

Primary vertex Split vertex 2

(xo, yo) g Cav)
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Primary vertex —l . . f /
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(x2, y2) Split vertex 1 = (xz — X, Yo — }71)
(x1, y1)

Split vertex 1
(x1, y1)

Figure 8.2: Illustration of the split vertex method. All tracks represented on the left are
issued from the true primary vertex (black dot). They are randomly split into two sets
(red and green). A vertex position is reconstructed independently from each of these sets,
leading to two split vertices (red and green dots), distant by Awu. The deviation of the
position (x;,y;) of each split vertex i from the primary vertex position (xg,yo) is noted

0i = (zi — 0, Yi — Yo)-

Two algorithms were implemented to assess the vertex resolution of the HL-BGV
with each of these two methods. For the SVM, the tracks of the primary vertices are split
into two sets, denoted by indices ¢ = 1,2, with equal number of tracks: N1 = Nir2. In
case the primary vertex has an odd number of tracks, the track with the highest x? is
removed from the primary set.

In the following, one objective is to determine the ability of the SVM to measure
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the true beam width.

8.2 Response function determination method

For a given geometry of the HL-BGV instrument, the vertex resolution of a reconstructed

vertex is impacted by:
e The number of tracks N;, combined to reconstruct the vertex;

e The quality of these tracks, that is how close they are to the true particle trajectory,
which depends on the trajectory deviation experienced by the particle due to multiple

Coulomb scattering;
e And the longitudinal position z of the vertex, through the extrapolation error.

Since the vertex resolution depends on the characteristics of the beam-gas interactions,
the BGV response function is unique for a each set of reconstructed vertices. A method
is proposed here to determine the instrument’s response function to any individual beam

size measurement.

Since all vertices involved in a measurement have different properties, it is important
to disentangle these dependencies. Using either the TRM or the SVM, the vertex resolution
can be parametrised as a function of Ny (Section 8.2.1) and z (Section 8.2.3), which
are measurable vertex characteristics. The vertex resolution also depends on the track
momentum, itself impacting the track quality through multiple scattering. This quantity
is however not directly measurable with the BGV. Nevertheless, the track quality can be
estimated via the quality of the track fit (with the fit x2, goodness of fit indicator, for
instance). The influence of this parameter will not be considered here, but could be used
to improve the accuracy of the vertex resolution.

Once the vertex resolution has been parametrised for all possible characteristics,
individual vertex resolutions can be assessed based on the characteristics of each vertex
contributing to a beam size measurement. The response function for a given beam size
measurement is obtained from the accumulation of individual vertex resolutions. This

step will be detailed Section 8.2.5).
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With the future instrument, the parametrisation of the vertex resolution would be
done in a calibration step of the instrument, where a large set of beam-gas interactions
will be collected and reconstructed at various beam energies, to account for the change of
secondary particle momentum with the beam energy, which impacts the parametrisation.

In the following, the vertex response is determined on simulated data. For demon-
stration, several sets of independent beam-gas inelastic interactions were generated and
propagated through the final HL-BGV geometry, using the simulation tool described in
Chapter 5. The three data sets (1a, 1b and 2) correspond to unbiased events, dedicated to
assess the instrument performance, while the last one (3) serves to parametrise the vertex

resolution:
1. Two sets of reconstructed vertices, from beam-gas interactions with 7 TeV protons:

(a) One with the vertices Gaussian-distributed in the transverse planes, simulating

a 200 pm wide Gaussian beam profile,

(b) The other one with a double Gaussian! vertex distribution, which allows to
model a distribution where the tails are broader than they would be with a

single Gaussian distribution,

2. One set from Gaussian-distributed beam-gas interactions, generated with 450 GeV

protons, with a width of 800 pm;

3. One set generated with a Gaussian-distributed 7 TeV proton beam, similar to set la,
where a filter was applied at the generator level to select only high track multi-
plicity events. This last set is dedicated and solely used for parametrisation of
the vertex resolution with the SVM method. The need for this biased set will be

motivated in the following section.

Data sets 1a, 1b and 2 contain about 300 000 events each, and the high Ny, set 3 about
500 000. The distribution of number of reconstructed tracks per event for data sets la
and 3 are shown in Figure 8.3. Data set 3 was obtained by selecting beam-gas interactions
with Nir ot > 11 tracks generated in all directions, which is why some events still show a
low Ny, traversing the tracker.

Example Gaussian and double Gaussian vertex distributions are shown in Figure 8.4

from data sets 1la and 1b respectively. The true simulated beam-gas interaction distribu-

'Sum of two concentric Gaussian functions, with different widths.
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(a) Data set 1la. (b) Data set 3, dedicated to SVM calibration.

Figure 8.3: Distributions of the number of reconstructed tracks per event (IVi;), for a
dataset with unbiased track multiplicity (8.3a), and for a biased one (8.3b), dedicated to
vertex resolution parametrisation with the SVM.

tions are shown in the left plots (purple distributions), and the raw reconstructed distri-
butions, before response function unfolding, in the right plots (blue distributions). The
reconstructed profiles are visibly broader than the true ones, due to the effect of the BGV
response function.

It is noted that the beam is simulated here with a constant profile along the gas
target volume. The effect discussed in Section 7.4 of the previous chapter is therefore not
considered in this study.

8.2.1 Vertex resolution parametrisation with the number of tracks

The resolution parametrisation with the number of tracks Ny, is done by sorting the

vertices per number of tracks used in the reconstruction step.

e For the TRM, the width o,rm of the residual distribution for a given N, is directly

equal to the vertex resolution in the case of the TRM:
0,TRM = thX(Ntr) . (85)

In Figure 8.1, the vertex resolution for Ny, = 7 equals 147 4+ 8 pm.

e For the SVM, with equal number of tracks N g1t used for both split vertices, the

resolution of both vertices oyix split (Nirspiit) i the same and reads:
thx(Ntr,split) = UTSVM/\/§7 (86)

as detailed in Section 8.1.
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Figure 8.4: True (left) and raw reconstructed (right) Gaussian (top) and double-Gaussian
(bottom) vertex distributions, before deconvolution of the response function. 2500 vertices
are accumulated in each distribution, and the same scales are used for the two Gaussian
profiles, generated from data set la, and for the two double Gaussian profiles from data
set 1b. The standard deviation of each profile is given in white, and is visibly larger on
the raw reconstructed profiles (right) compared to the true ones (left).

The SVM method therefore requires primary vertices with Ny = 2 X N gpiie (0r
N = 2 X Nz gplit + 1) to determine the resolution of vertices with Ny gpiig. Since
events with 4 or 5 primary tracks lead to split vertices with only 2 tracks, the
parametrisation with the SVM requires vertices with at least 6 primary tracks. The

biased data set 3 was generated for this purpose.
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Figure 8.5 shows the N parametrisation obtained with both the TRM and SVM,
as stated in legend. For each plane u = {x,y} of these two cases, data is fitted with a

parametrisation curve, with the A, B and C parameters defined as:

thx,u(Ntr) =——+C. (87)

The obtained fit parameters are summarised in Table 8.1. For both methods, these param-
eters are very close between the x and y planes, which is expected due to the rotational
symmetry of the instrument around the beam axis. Besides, although the SVM parameters
are slightly larger than the TRM ones, values are comparable between the two methods,
which validates the SVM as potential solution to measure the vertex resolution from ex-

perimental data.
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Figure 8.5: Parametrisation of the vertex resolution with the vertex track multiplicity N,
with events from the entire target z range.

Table 8.1: Vertex resolution parametrisation with Ny, with vertices from the entire mea-
surement region z range.

‘ A (mm) ‘ B ‘ C (mm)
TRM x | 0.70£0.07 | 0.5 £0.3 | —0.11 £0.18
y | 0.69+0.07 | 0.5£0.4 | —0.09 £0.20
SVM x | 0.81+£0.07 | 0.6 £0.4 | —0.10£0.20
0.80£0.07 | 0.6£0.4 | —0.10+0.20

The vertex resolution for a vertex reconstructed with N;. tracks can therefore be
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estimated using Equation 8.7 and the parameters from Table 8.1, either choosing the TRM
or the SVM.

8.2.2 Comparison of the TRM and SVM methods on the entire z range

In the previous section, Figure 8.5 revealed that the vertex resolution is generally overes-
timated by the SVM, compared to the values obtained with the TRM. The two methods
show a better agreement at high Ny,.

Figure 8.6a demonstrates how the average vertex resolution of the BGV is impacted
by selecting events above a certain Vi, threshold. It can be seen that the vertex resolution
of 164 pm, required to achieve a beam size measurement accuracy of 5%, is reached when
considering all events with N, > 5.

This resolution value was calculated in Section 4.3.2 of Chapter 4, assuming that ot
could be known with a relative error smaller than 10%. The absolute relative discrepancy
between the TRM and SVM is illustrated, in Figure 8.6b, for each event selection case.
It can be seen that by selecting events with at least Ny, > 5, the two methods agree with
a relative error < 10%. This confirms the hypothesis that the SVM method allows to

estimate the response function with an uncertainty smaller than 10%.
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Figure 8.6: Comparison of the average vertex resolution obtained with the TRM and
SVM method, according to the minimum Ny, events selected. The resolutions obtained
with both methods are shown in (8.6a), and there absolute, relative difference in (8.6b):
lavtx,TRM - UV(}X,SVM’

Ovtx,TRM
€ITors.

Errors in (8.6b) are calculated by propagating vertex resolution

135



8.2. Response function determination method

8.2.3 Vertex resolution parametrisation with the longitudinal position

The vertex resolution is then parametrised as a function of the vertex longitudinal position
within the 1 m long gas target volume.

For this purpose, the measurement region is longitudinally divided into equal sub-
volumes, or bins. An example partition into 5 bins is shown in Figure 8.7, which represents
the longitudinal vertex distribution for data set 1a. The average number of tracks per event
traversing the tracker Ni; oy is indicated on the right scale, for each bin. Events generated

in the most upstream bins are more numerous and provide on average more reconstructable

tracks.
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Figure 8.7: Longitudinal distribution of beam-gas interactions from data set la, with
respect to the centre of the measurement region. The light blue bin is the furthest from
the tracking detector and the beige bin is the closest. The average number of tracks per
events traversing the detector is also indicated with the blue markers in each bin, referring
to the right scale.

The vertex resolution is then parametrised as a function of Ny in each sub-volume,
as described in the previous section. Figure 8.8 shows the parametrisation curves obtained
with the SVM. The vertex resolution is shown here as a function of both N and z, with
the two effects disentangled. A specific resolution can be assigned to each reconstructed
vertex, depending on its track multiplicity and longitudinal position.

Comparing the curves obtained for the five bins, it is observed that better resolutions
are achieved for the bins that are centred or slightly upstream of the centre of the gas
target centre (dark purple and purple bins). It was seen in Chapter 5 that tracks from
upstream events have higher momenta, whereas those generated closer to the tracking
detector benefit from lower extrapolation errors, explaining why central bins show lower

vertex resolution curves.
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8.2. Response function determination method
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Figure 8.8: Vertex resolution parametrisation with N, along the measurement region
divided into five, 20 cm long bins. The colour scale is identical to the one used in Figure 8.7:
bin 0 is the most upstream one, with respect to the beam direction. The horizontal
resolution is shown in the top (8.8a) graph, and the vertical one in the bottom (8.8b) one.

8.2.4 Experimental calibration of the vertex resolution

As previously mentioned, the vertex resolution will be experimentally calibrated in an
dedicated data accumulation step.

Considering the track multiplicity distributions and event interaction rates presented
in Chapter 5, 7TeV proton beams generate 0.054% of inelastic beam-gas interactions
with Ni = 16. The interaction rate is of such events is of 600 Hz and about 1 million

are accumulated in 1 h of beam operation, which allows to determine the resolution of
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8.2. Response function determination method

vertices with N, g1 = 8. Considering that, based on Figure 8.7, reconstructed beam-gas
interactions are almost homogeneously distributed along the longitudinal spread of the
measurement region, one hour of data recording provides around 200000 vertices with
Nirsplit = 8 in each bin, for a 5 bins partition. Around one hour of data accumulation
with circulating beam at full intensity will therefore be sufficient to calibrate the vertex
resolution, even at high track multiplicities.

For ion beams, about 100000 interactions with N = 16 are generated in 1 h,
corresponding to 25000 events per longitudinal bin, if the volume is divided in 5. As
expected from the interaction rates and difference in track multiplicities, a ten times
longer integration time will be needed to calibrate the vertex resolution of ion beams with
the same precision than for proton runs. This corresponds to an entire fill, but can be

done parasitically.

8.2.5 Response function

The response function R is defined along each plane u = {z, y}, and is non-Gaussian, due
to the mixture of vertices with different characteristics. However, R can be represented
by a sum of K Gaussian functions g, each having a width o.ep x and a relative weight

¢k, as in Ref. [6,7]:

K
R(u) = Z Ck gk(”? Uresp,k) . (8.8)
k=1

The K Gaussian functions are defined as:

2

gr(u;0) = \/%U exp ( - ;7) : (8.9)

The sum of the weights ¢, is equal to 1. Each Gaussian function g corresponds to a group
of ¢, reconstructed vertices, of average vertex resolution oyesp i = (Ovix) k-

For a given set of vertices, the vertex resolution of each vertex is determined as a
function of its characteristics Ny, and z, and a response function, as defined in Eq. (8.8),
is determined from the vertex resolution distribution. An example of such a distribution
is shown in Figure 8.9a.

This distribution is divided into K vertex resolution groups, as indicated in Fig-
ure 8.9a, where the vertex resolutions of 2500 reconstructed vertices are split into K = 4
groups, separated by the green vertical lines. A Gaussian function gy, is attributed to each

group, which contributes to R, as in Eq. (8.8). The relative population of each group k
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8.3. Beam profile unfolding

corresponds to the weight ¢; of the Gaussian function, and the Gaussian width oegp j is
given by the average vertex resolution in the group: Oyespr = (Ovix)k- The four Gaussian
functions obtained are shown in Figure 8.9b (grey curves), together with the response

function (black curve).
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(a) Vertex resolution (oSYM) distribution. (b) Response function.
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Figure 8.9: Example horizontal response function determination. The vertex resolution
distribution, determined with the SVM, is shown in (8.9a) for a set of 2500 vertices from
data set la, with Ny > 5. This distribution is divided into four groups, separated by the
vertical green lines. The corresponding response function is shown in (8.9b), which is the
sum (black line) of the four Gaussian functions (grey lines), each associated to a vertex
resolution group.

The obtained response functions were shown to be almost unchanged with the num-
ber of Gaussian functions used in their model. K = 4 is used in the following.

It is also seen from Figure 8.9a that a selection criteria on events with Ny > 5
includes vertices with a resolution higher than the targeted value of 164 pm, which was

already visible in Figure 8.8. This event selection criteria is kept here for demonstration.

8.3 Beam profile unfolding

Once the response function is known for a set of measured vertices, the beam profile can
be unfolded from the raw measured profile.

8.3.1 Beam profile model

Two beam profile shapes were simulated along each transverse plane u = {z,y}:

e The Gaussian particle distribution, of width o}, modelled in data sets la and 2

expresses:

p(u) = g(u; p, on) (8.10)
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8.3. Beam profile unfolding

e And the double Gaussian distribution (data set 3), consists of the sum of a core and

tail Gaussian functions, sharing the same mean u:

pu) = wue g(u; p, o) + (1 = we) g(u; p, o) (8.11)

where w,. represents the weight of the core Gaussian function. The two func-
tion have different widths o. and o;, the narrowest one being the core function.

Along each plane, the beam width is determined similarly to the residual distribu-

w
tion width in Section 8.1: o}, = \/m’ with f. = cOc

weoe + (1 —we)oy
5 = (1 —we)oy
t

B PcOc + (1 - wc)at
profile can be considered in each plane independently. The analysis is however con-

and

. With this representation, the tail population of the beam

strained to symmetrical tail configurations.

8.3.2 Measured and unnfolded profiles

The measured profile is a convolution of the true beam profile p(u) with the response

function R(u) specific to the sample of vertices:

M(u) = /OO R(u)p(u — 7)dr. (8.12)

—00

With R and p respectively being Gaussian and combination of K Gaussian functions,
the measured distribution can be expressed analytically as a combination of Gaussian

functions too:

e In the case of a Gaussian beam profile model:

K
M(u) =" crg(u; p, 0}), (8.13)

k=1
with the width o}, =, /0’% + afesp’k .

e In the case of a double Gaussian beam profile model:
K

M(u) =Y cp wege (s 1, 0% x) + e (1= we)gep(u; 07 ), (8.14)
k=1

. . * _ 2 2 * _ 2 2
with the widths o7, = /o2 + 07, and oy = Jo7 + 07 -
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8.3. Beam profile unfolding

Once the response function is known, the measured vertex distribution along each
plane is fitted with a least square method with the M (u) function corresponding to a
Gaussian or double Gaussian model, determining the beam parameters (oy, for a Gaussian
profile, o, and oy, for a double Gaussian profile).

An example is shown in Figure 8.10, where a raw reconstructed vertex distribution
(blue histogram), made up of 2500 events from data set 1la, is fitted with Eq. (8.13) (grey
line). The grey dash line corresponds to the response function and the black curve, to the
unfolded Gaussian profile. In Figure 8.11, this unfolded profile curve is shown on top of
the true simulated distribution, where a good agreement is observed. In this figure, the

curve and histogram are normalised so that their integral equals 1.
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—— Unfolded beam profile preco(X)
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Figure 8.10: Raw reconstructed profile from data set la projected along x. The distribu-
tion of measured vertices is fitted with M (Eq. (8.13)). The grey dashed curve is response
function R, and the black solid curve corresponds to the unfolded profile preco.
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Figure 8.11: True simulated beam-gas vertex distribution (pink) and unfolded profile
(black curve), from data set la projected along x.
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8.4. Performance

8.4 Performance

The performance of the proposed HL-BGV design at reconstructing the beam size and
profile is studied with a data set of 1000 profiles, built upon randomly selected vertices
with Ny > 5, from data sets 2, 1la and 1b, with both SVM and TRM methods. TRM
was solely used with data set 2, on account of the lack of a simulated data set with high
track multiplicities at low beam energy. In this second case, all events with Ny > 3 are
considered, as discussed in Section 4.3.2 of Chapter 4.

oo
It was seen in Chapter 4 that the beam size accuracy, or systematic error, b g

Ob
related to the vertex resolution oty and to its uncertainty doyix as follows:
o o2, éco
99 _ V;X ZOvtx (8.15)
Opb Oy Ovtx

. . . Ob
The measurement precision, or statistical error, is noted here —— and depends on the
Ob
amount of events accumulated in each beam size measurement.

For each reconstructed profile, the unfolded beam width oy, reco is compared to the
true simulated one oy, (obtained with fitting p(u) from Equation (8.10) or (8.11), on the
true simulated profile). The relative residual distribution for 1000 profiles generated with
2500 events each, from data set la, is shown in Figure 8.12, for both vertex resolution

determination methods.
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Figure 8.12: Relative residual distributions between the unfolded and true simulated
beam sizes, for Gaussian beam profiles generated with 7TeV protons. The TRM is used
in (8.12a) and the SVM one in (8.12b). Only events with Ny > 5 are considered.

The mean and standard deviation of the obtained residuals respectively provide an

estimate of the beam size measurement accuracy and precision. For each tested data
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8.4. Performance

Table 8.2: Beam size accuracy and precision, assessed for 1000 simulated Gaussian profiles
with 2500 events each.

450 GeV 7TeV
(Data set 2) (Data set 1a)
‘ accuracy precision ‘ accuracy precision

TRM X 1.5 % 3.1 % 44 % 4.1 %
y 2.4 % 3.0 % 48 % 4.0 %
X - - 8.7 % 4.2 %
SVM
y - - 94 % 4.2 %

set, these results are summarised in Table 8.2 for Gaussian profiles. The uncertainties

correspond to the errors on the fit parameters provided by the last fitting step.

8.4.1 Accuracy

This section discusses the level accuracy reached with simulated data, and mentions po-
tential sources of systematic errors, together with mitigation solutions.

For 7TeV Gaussian beam profiles, an accuracy better than 5% is reached with the
TRM, which satisfies the specification set out in Chapter 4. With the SVM, the vertex
resolution is generally overestimated compared to the TRM, leading to narrower unfolded
profiles. Figure 8.12b shows that with the SVM, the beam size is almost systematically
underestimated, with an average underestimate of 9%.

It is noted that, with a simulated profile width of 200 pm, the considered data leads
to slightly larger i& than would be reached with the beams expected to be encountered
by the HL-BGVs (bz 232pum), according to Equation (8.15). Nevertheless, 9% is far
greater than the specification. A calibration of the SVM method with simulations shall
be performed to quantify the discrepancy between these methods, and compensate the
systematic beam width error.

At injection energy, the systematic error is the order of 2% with the TRM, as shown
in Table 8.2 and Figure 8.13, where the above described method is applied to the 800 pm
wide proton beam of data set 2.

When experimental data will be used, the accuracy may be degraded by detector
misalignment. In order to exploit the full potential of TimePix4 detectors, the spatial
resolution of which is in the order of 10 pm, their position, orientation and deformation
should be known to a similar precision level. A mechanical alignment to a few hundreds

of microns can be achieved at installation, which will be further improved by software
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Figure 8.13: Relative residual distribution between the unfolded and true simulated beam
sizes, for Gaussian beam profiles generated with 450 GeV protons. These results are
obtained with the TRM method, due to the lack of 450 GeV events with high Ny to
perform the SVM calibration.

alignment methods, to be run regularly in operation. More details can be found in Ref. [2].

The vertex resolution determination (and therefore the response function and beam
width accuracy) could be improved by considering the x? of the track fit: e.g. by assign-
ing weights to each vertex, according to the average x? of its reconstructed tracks. The
response function would be determined by considering a weighted vertex resolution distri-
bution, and the beam profile unfolded as presented. An event or track selection based on
the track quality could also be implemented, but at the cost of a degraded measurement
precision.

A simple way to improve the measurement accuracy of a given measured data set is
to restrict the event selection to those with higher track multiplicities: considering events
with Ny > 6 instead of Ny, > 5 leads to a beam width accuracy of 2% with the TRM and
better than 5% with the SVM, for 7 TeV Gaussian beams. The precision would however be
degraded, since 13% of beam-gas interactions generate Ny, > 5, whereas 7% have Ny, > 6
at collision energy. Alternatively, increasing the integration time per profile would prevent

deteriorating their precision, although reducing the measurement rate.

8.4.2 Precision

A bunch width precision of about 4% is reached with both TRM and SVM methods at
7TeV, for profiles including 2500 vertices, corresponding to a bunch-by-bunch integration
time of about 1 min 45sec. At injection energy, the statistical error on the bunch width

is close to 3% with the TRM. The dependence of the precision on the number of events
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within a measured profile is shown in Figure 8.14, reproducing the expected behaviour

A
2% x 1/4/2Ny; — 2 discussed in Section 4.3.3 of Chapter 4.
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Figure 8.14: Relative beam width measurement precision (obtained with the SVM) as a
function of the number of vertices per reconstructed profile, using data set la (7 TeV).
The precision proportionality to 1/v/Nevents is verified.

The expected bunch-by-bunch precision in 1 min accumulation time is higher than
required by the specifications. To achieve the requested precision of 1%, a longer integra-
tion time, in the order of 2min 30 sec will be needed, or a gas target pressure increase of
1 x 107" mbar.

The precision could also be improved by design changes, for instance by enlarging
the tracker acceptance or using a different gas species to increase rate of useful event
generation with increasing the average track multiplicity per detected event and/or the

beam-gas interaction cross-section.

8.4.3 Beam profile reconstruction

The ability of the instrument to reconstruct beam profiles differing from a single Gaussian
shape is tested with data set 1b. An example double Gaussian profile made of 2500 events
is shown in Figure 8.15, where the initial distribution is shown to be well reproduced by
the unfolded profile.

For 50 reconstructed profiles containing 2500 events each, the x? value between
the normalised unfolded profile and true simulated event distribution is calculated, and
divided by the number of degrees of freedom (equal to the difference between the number of

compared values and the number of fit parameters). Along both x and y planes, a mean
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Figure 8.15: True simulated beam-gas vertex distribution (pink) and unfolded profile
(black curve), from data set 1b projected along z.

reduced x? of 1.5 is obtained for both TRM and SVM vertex resolution determination
methods, with a standard deviation of 0.4. This result is very close to 1, showing a very
good agreement between unfolded and true simulated beam particle distributions, for both
SVM and TRM methods.

This concentric double Gaussian model allows to study beam profiles with symmet-
rical tails. Other models could be used, provided that their convolution with the response
function has an analytical expression. Offline analyses of beam profile measurements per-
formed by the BGV could then allow to compare various beam models and determine
which one fits best to experimental non-Gaussian profile cases by comparing for instance
the obtained y? between M (u) and the raw measured profile (as in Figure 8.10). With
such a feature, tracking the beam profile evolution along the ramp could help to under-

stand potential mechanisms of emittance blow-up.

It is noted that detectors misalignment and transverse gas target in-homogeneity

would degrade the systematic error of both beam size and beam profile measurements.

8.5 Summary and outlook

The method presented in this chapter allows to unfold the absolute width of Gaussian and

double Gaussian beam profiles from the distribution of measured vertices. The resolution
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8.5. Summary and outlook

of each vertex is determined according to its characteristics (track multiplicity and longi-
tudinal position), and the response function of the instrument is modelled with a sum of
concentric Gaussian functions.

Regarding Gaussian profiles, by selecting events with N, > 5, a beam size accuracy
of 5% is reached for the most demanding beam types, when the vertex resolution is assessed
using the true vertex position information. This number matches exactly the instrument
specification, without leaving room for potential degradation of the beam accuracy with
the implementation of the instrument (eg. due to detectors misalignment). The systematic
error could be reduced to meet the specifications, with a more restrictive event selection,
which would lower the measurement precision, or increase the integration time.

The Ni, > 5 selection leads to a precision of 3% at injection and of 4% at collision
energy, for an accumulation time of 1 min 45 sec.

The SVM data-driven method allows to determine the vertex resolution independent
of the true simulated vertex position information. Nonetheless, this method introduces a
systematic error which should be compensated with a correction factor determined from
simulations.

The possibility to reconstruct double Gaussian beam profiles with symmetrical tails
was demonstrated. This unfolded method could be used with more complex beam models,
provided that their convolution with the instrument response function has an analytical

expression.
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Chapter

Outlook and conclusion

By the end of LHC Run 2 the demonstrator BGV was able to provide an absolute beam
size measurement throughout the LHC energy cycle, which was independent of the beam
intensity. A new design is proposed for the HL-BGV, additionally intended to measure
the beam profile via beam-gas interaction vertices reconstruction. The future instrument
is expected to be maintained in the long term by a small number of people and its design
was made to ensure a reliable operation, with low risks of beam operation interruption
due to instrument failure.

The overall HL-BGV design was guided by detailed Monte Carlo simulations and
event reconstruction algorithms, which helped to shape the tracker, select gas target and
detector technologies and determine the expected performance of the final configuration.

The HL-BGV tracker design is completely new, compact and based on silicon hy-
brid pixel detectors. The track reconstruction performance is improved by a high spatial
resolution of the detectors, and by the pixel readout.

The distributed gas target technology is kept unchanged compared to the demon-
strator, since its operation was successful. Its gas density map was carefully assessed,
and the shape of the tank and pump positions were optimised to provide a homogeneous
measurement volume, and a sharp pressure decrease outside of this region. The integrated
pressure of the measurement region determines the beam size precision. The impact of
the BGV target on beam operation was assessed, with negligible effects on the beam life-
time and emittance growth, when considering few hours of instrument operation per fill.
The installation locations were carefully chosen, in order to prevent radiation spreading

towards sensitive equipment. The HL-BGVs will still generate significant radiation levels,
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and mitigation solutions shall be envisioned for the remaining devices downstream of the
B1-BGV.

The tank dimensions were optimised to reduce its wakefield contributions, which
were brought to negligible levels. This is a significant improvement with respect to the
demonstrator device. With an optimised material budget, the exit window limits the
amount of material crossed by secondary particles before reaching the tracking detector.
The tracker acceptance is finally improved compared to the demonstrator instrument,
thanks to a lower aperture section, placing the detector closer to the beam axis, where the
track density is high.

A beam profile unfolding method is proposed, with a parametrisation of the vertex
resolution as a function of the vertex longitudinal position and of the multiplicity of the
tracks used to reconstruct the position of each vertex.

The expected performance of this instrument are the following:

e For Gaussian beams, a simulated beam size accuracy of about 2% is reached at injec-
tion energy, and better than 5% at collision energy, for the B2-BGV, which device
will encounter narrower beams. A correction factor determined from simulations
should be applied to the obtained measurements, to compensate for the system-
atic error introduced by the SVM data-driven method allowing for an independent
beam size and profile measurement. The measurement accuracy of the final instru-
ment can be improved with restricting the event selection to those with higher track

multiplicities, to the cost of a degraded precision, or increased integration time.

e A bunch-by-bunch measurement precision of 3% at injection and 4% at collision
energy is expected for an integration time of 1 min 45 sec for this same instrument.
A precision of 1% could be reached with accumulating events during 2.5 min, or with

increasing the gas pressure, to the cost of higher radiation levels.

e The capability of this device to reconstruct a double Gaussian beam profile was
successfully demonstrated. Further investigations of the proposed method may allow

to reconstruct more refined beam profile models.

In summary, the LHC machine would benefit from the HL-BGV with an absolute
beam size and beam profile measurement all along the energy cycle. The required accuracy
can be reached in an integration time of few minutes for bunch-by-bunch measurements.

During the ramp in particular, bunch-by-bunch beam size measurements would allow
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to study emittance growth mechanisms beyond existing models. Bunch-by-bunch beam
profile measurement would also benefit to study effects that are highly sensitive to tails
population, like electron clouds and beam-beam effects.

Measurements with ion beams would require longer integration times to reach the
same precision relative to proton beams, and the vertex resolution calibration step would
require an entire fill of data accumulation. In contrast, a good measurement accuracy
is expected relative to proton beams, thanks to higher track multiplicities per ion-gas

collision.

150






Appendix A

Error propagation on the emittance

Based on Equation (2.8), the error on the beam size o1, expresses as a function of the

emittance ¢ and local S-function (5, following:

0 2 0 2

Ao? = <a%b) AB? + (%) Ae?, (A.1)

with
doy, _ 1 1/2 p—1/2
and
doy, 1 —1/2 p1/2
——— . A.

5 — 3¢ P (A.3)

With replacing (A.2) and (A.3) in (A.4), one retrieves:

2 2 2
(L"b) _ L AB 1 g AL (A.4)

o 48" Be  4e” Be’
and then:
A 2 1r/ABN\2  Ae\2
(o) =3l =27 (A5)
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Appendix

Demonstrator BGV pressure data

B.1 Pressure gauge

Data recorded by the vacuum gauge installed along the tank of the demonstrator witnesses
a quick rise and drop of the pressure inside the BGV tank when the gas injection system
was successively turned ON and OFF, as shown in Figure B.1. This specific data set
shows the pressure change in a fill during which the BGV acquired data for beam size
measurement [8]. The pressure values on this record should be multiplied by a factor 4 in
order to read the neon pressure. This factor comes from the fact that the gauge calibration
was done with nitrogen. A comparison of the gauge sensitivity for different gas species is

shown in Figure B.2.

Figure B.1: Pressure data recorded by the demonstrator BGV pressure gauge in Fill 7334,
on 23/10/2018, before and after the switch OFF of the gas injection system. Visualisation
is done with the Timber application, accessing data from the CERN Accelerator Logging
Service.
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Figure B.2: Sensitivity calibration of a pressure gauge of the same model than the one
used on the demonstrator BGV tank, for different gas species. Courtesy R. Kersevan
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Appendix

Upstream taper length impact on

longitudinal impedance

In the following, the impact of the length of an upstream taper on the longitudinal
impedance of a cavity is studied. The considered structure is a similar cavity than in
Chapter 6, where the downstream end is already tapered over a length of 10 m. The evo-
lution of the real longitudinal impedance with tapering the upstream tank extremity is
shown in Figure C.1, and with adding an upstream taper in Figure C.2. The impact on

the longitudinal effective impedance in these two cases is shown in Figure C.3.
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Figure C.1: Simulated real part of the longitudinal impedance of a PEC BGV gas tank
with L = 700 mm, D = 130 mm and Ly = 10 mm, tapering the upstream tank extremity.

Compared to the case of the exit window (EW), the resonant modes a have much
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Figure C.2: Simulated real part of the longitudinal impedance of a PEC BGV gas tank
with L = 700 mm, D = 130 mm and L.,y = 10 mm, adding a taper volume at the upstream
tank extremity.
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Figure C.3: Longitudinal effective impedance evolution with L;,, with adding an upstream
taper (C.3a) and with tapering the upstream end of the cavity (C.3b).

lower shunt impedance, thanks to the already tapered downstream extremity. The same
conclusions than with tapering or adding a taper on the downstream end apply when

considering the length of the upstream taper.
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Appendix

Main eigenmode parameters and resonant

frequency of the final BGV gas tank

The simulated parameters and resonant frequency of the final HL-BGV vacuum tank main

longitudinal eigenmodes are reported in Table D.1.

Table D.1: Simulated parameters and resonant frequency of the main longitudinal eigen-
modes of the final HL-BGV setup.

Mode ID | Resonant frequency (GHz) Shunt impedance (2) Q factor

1 1.773 2900 5796
2 1.796 7000 5843
3 1.836 12900 5869
4 1.892 12800 9938
5 1.963 13 300 o977
6 2.044 15500 6041
7 2.131 14 500 6039
8 2.219 13700 5972
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Appendix

Interaction of higher mass gas (Ar, Xe)

with ion (Pb) beams

Similarly to the study that was made for proton ions, the impact of using argon and xenon
gas instead of neon on the BGV performance with ion beams was studied [2], and the main

results are reported in Table E.1.

Inelastic Average Ny, Average track
interaction rate  in tracker momentum
per bunch acceptance
Neon (Ane = 20) 1.5 Hz 21 6.3 GeV/c
Argon (Aa, = 40) 1.8 Hz 29 6.2 GeV/c
Xenon (Axe = 132) 2.5 Hz 32 5.9 GeV/c

Table E.1: Comparison of beam-gas inelastic cross-sections and interaction rates for
7 Z TeV ion bunches on a 1 m-long target of neon, argon and xenon, at an average pressure
of 1 x 107" mbar.

The same conclusions than with varying the gas species with proton beams are valid
for lead ion beams: beam-gas interactions generate in average more tracks in the tracker

acceptance, but the momentum of these tracks is lower in average.
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