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I

The idea of a European Organization for Nuclear Research -or CERN -originates back at the end of the 's, in a Europe devastated by the Second World War. At that time, numerous international organizations started to be created in view of a more peaceful world. Following these examples, a group of European scientists imagined the creation of a European laboratory focused on nuclear physics research. In , an agreement was signed between countries, and the CERN acronym (Conseil Européen pour la Recherche Nucléaire) was o cially born. This acronym was kept, even after "Conseil" was replaced by "Organisation". The Council then chose Geneva as building site, and soon after the construction of two new particles accelerators began.
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The rst particle accelerator built at CERN was the Synchrocyclotron (SC) [ ]. It accelerated its rst proton beam in up to a kinetic energy of MeV. In the meantime, another machine was under construction: the Proton Synchrotron (PS) [ ]. In it accelerated its rst proton beam. While the SC was stopped and decommissioned in , the PS is still running, more than years later. It is now part of a long chain of di erent accelerators called the CERN Accelerator Complex. The latter is presented -as in -on Figure . [ ]. In the meantime, physicists started to develop machines that could not only accelerate beams, but also produce collisions between particles. Thus in the early 's the conception of a rst collider at CERN, that would be fed by the PS, began. In , the rst collisions between two proton beams occurred in the Intersecting Storage Rings (ISR) [ ]. The ISR has been operated for years before being dismantled.

During the operation of the ISR, CERN physicists decided to keep exploring the outcome of particle collisions. For that reason, a new synchrotron was built: the Super Proton Synchrotron (SPS) [ ]. It was rst turned on in and was able to accelerate proton beams up to a kinetic energy of GeV. Five years later, the SPS was turned into a proton-antiproton collider: the SppS [ ]. The proton and antiproton beams were accelerated up to a kinetic energy of GeV and brought into collisions. This led to the discovery in of the W and Z particles [ ]. However, when operating as an accelerator for xed-target experiment, the SPS can accelerate a proton beam up to a kinetic energy of

GeV before being extracted. The year was also a turning point for CERN, as the km long and about m deep tunnel built to house the new Large Electron-Positron collider (LEP) [ ] was achieved. The LEP was and still remains the largest electron-positron collider ever built. During its rst stage, it could operate at a beam energy of . GeV, producing millions of Z bosons. It was then upgraded and reached center of mass collision energies up to GeV. In , the LEP was stopped and dismantled as the tunnel had to be freed in order to house a brand new and innovative machine: the Large Hadron Collider (LHC) [ ].

T L H C I of . TeV . It is composed of , m long, dipole magnets used to bend the beams and , to m long, quadrupole magnets used to focus them. Most of these magnets are superconducting and are maintained at a temperature of about K. The two beams circulate into di erent vacuum pipes, sharing the same magnets. Figure .  shows the cross-section of an LHC dipole magnet, where the two di erent vacuum pipes are visible. A current of about kA circulates in the superconducting coils, producing the needed dipolar magnetic eld of about T in order to bend the trajectory of the particles when they reach their maximum energy. Inside the beam chambers, the vacuum is maintained at a level between about 10 -10 and 10 -11 mbar [ ].

Beams are accelerated using Radio Frequency (RF) cavities ( per beam) [ ]. Each of those cavities can reach a maximum voltage of MV and is tuned to oscillate at about MHz. Those cavities are embedded in four di erent cryomodules, in order to work in a superconducting state. As a particle shall always see an accelerating voltage in the RF cavity gap, the RF frequency of the cavity, f RF , must be an integer multiple of the revolution frequency f rev :

f RF = h • f rev , ( . 
)
where h is known as the harmonic number. In the ultra-relativistic approximation, and considering proton beams (which will be the case in the following of this Thesis), the velocity of a particle can be approximated to β r c ≈ c and the LHC harmonic number is equal to . The LHC circumference can be divided in h virtual points, and the areas of stable longitudinal motion around those points are called buckets. They de ne the longitudinal acceptance of the machine. A particle exactly synchronized with the RF cavity frequency is called synchronous particle. All the other protons will oscillate around this synchronous particle and form a group of protons called bunch. Figure . illustrates qualitatively the de nition of buckets and bunches.

In the LHC, only one out of ten buckets is lled with a bunch so that the bunch time spacing remains ns. In fact, the bucket con guration determines where and how many times the di erent bunches of the two beams will collide. Depending on the chosen beam structure -also called lling scheme -the LHC can house up to bunches [ ]. Another reason for leaving some empty buckets is the need for a so-called abort gap [ ]: when a beam dump is triggered, the rising time of the extraction kickers is not zero and therefore one shall make sure that no proton is kicked during that time in order not to damage machine elements located downstream those kickers. The bunch length in the LHC is about ns. This parameter is set from the injectors chain as presented on Figure . . From the hydrogen bottle to the LHC, there are in fact four di erent accelerators whose role is to accelerate the proton beam up to GeV (the LHC injection energy) with the correct bunch length and the desired emittances. In view of the next LHC luminosity upgrade, the High-Luminosity LHC (HL-LHC) [ ], the injector chain has been upgraded after the -LHC Run in order to be ready to inject more intense beams with smaller emittances. The LHC Injector Upgrade (LIU) [ ] consisted in modifying all the injectors to be ready for HL-LHC, and building a new LINAC, LINAC [ ], in order to replace the existing LINAC . LINAC is m and, in , it started accelerating H -ions up to

MeV. The two electrons of each ion are then stripped, and the remaining protons are injected into the PS Booster. The protons then circulate through the four rings of the latter before being injected into the PS, where they will be stored for a few seconds before being extracted. The protons are nally injected into the SPS where they reach the LHC injection energy of GeV.

Once the two beams are injected in the LHC according to the chosen lling scheme, the energy of both beams is ramped from GeV to . TeV. The currents of the di erent magnets are ramped up synchronously. The beams are then focused (squeezed) and brought into collisions at four so-called Interaction Points (IP), housing four di erent experiments. Two of these experiments were assigned to the primary goal of observing the Higgs boson, using di erent technologies, but ensuring the consistency of the observation. These are ATLAS (A Toroidal LHC ApparatuS) [ ] and CMS (Compact Muon Solenoid) [ ]. These IPs are referred to as high luminosity experiments, as they require a high statistical precision for their physics search. On the other hand, the two other experiments require a reduced number of collisions as they are optimized for a di erent physics search. These are ALICE (A Large Ion Collider Experiment) The LHC consists in di erent sections with di erent purposes. It is divided in eight sectors which are composed of an arc where the beams' trajectories are bent and of a straight section that can house di erent types of instruments and devices. Figure . shows a schematic overview of the LHC ring.
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Cleaning Cleaning RF Dump B1 B2 As mentioned, each Insertion Region is separated from the previous one by an arc and has its own purpose:

• IR houses the ATLAS experiment

• IR houses the ALICE experiment and the injection of Beam • IR houses the LHCb experiment and the injection of Beam

After about ten hours of collisions, the decision of extracting and dumping the beams is made. This decision has to take into consideration many di erent factors, such as the remaining intensity, and therefore the e ciency of the on-going collisions, the availability of the injectors or possible foreseen incoming technical issues. Figure . shows a typical LHC cycle in terms of beam energy and intensities. The main purpose of the LHC is to deliver collisions into the four detectors that require the best statistics for their physics search. The corresponding performance indicator is called luminosity and is of prime importance in the design of a collider.
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Nowadays, particle physics experiments aim to understand our universe, its origin, and to explain the observations concerning its expansion. Reproducing conditions similar to the ones of the rst instants after the big-bang is challenging and requires to collide two high energy particles. From these collisions, the detectors can observe new particles. In the case of the LHC, the colliding particles are protons (or ions, but this is not covered in this Thesis), but other colliders have been using di erent species. As an example, the American collider Tevatron at FermiLab [ ] was colliding protons with antiprotons. In the future, one of the considered options for the Future Circular Collider (FCC) is to collide electrons and positrons [ ].

The frequency of apparition of a given event from the collisions is called event rate (or number of event per second), and the luminosity is thus de ned as the proportionality factor between this even rate, denoted dR/dt, and the cross-section of this event, denoted σ p , as in Eq. . [ ]:

dR dt = L • σ p . ( . )
The luminosity has the dimension of a frequency divided by a surface and is measured in cm -2 • s -1 , or in Hz/cm 2 . Following the approach of [ ], we consider two bunches with densities ρ 1 (x, t) and ρ 2 (x, t), normalized such as:

+∞ -∞ d 3 xρ i (x, t) = N i , ( . ) 
where x = (x, y, s) is the vector coordinates of a considered particle in the laboratory frame and N i is the number of particles in the bunch i = 1, 2. The so-called single bunch luminosity L SB can be de ned as the integral over the luminous region (denoted S L ) [ ] of the product of the two -dimensions density distributions, multiplied by a kinematic factor K, the bunches intensities N i (i = 1, 2), and by the revolution frequency f rev :

L SB = N 1 N 2 f rev K S L ρ 1 (x, t)ρ 2 (x, t)d 3 xdt, ( . 
)
where K is de ned as:

K = (v 1 -v 2 ) 2 - (v 1 × v 2 ) 2 c 2 . ( . 
)
The derivation of this integral can always be done numerically, even though it might require high computing resources. In order to obtain a closed form, some approximations have to be made. In the context of this Introduction, we propose to express the luminosity in a simple case, neglecting in particular the hour glass [ , , ] or the crossing angle [ , ] e ects.

The vectors v 1 and v 2 represent the velocity of the two bunches in the laboratory frame. In the ultra-relativistic approximation, and assuming no crossing angle between the two bunches (that is a pure head-on collision), one can de ne the two velocity vectors as v 1 = (0, 0, c) and v 2 = (0, 0, -c). With these de nitions, the kinematic factor becomes K = 2c.

For our integration purpose, we use the longitudinal distance s of the two bunches from the central point of collision s 0 , as often in accelerator physics, by replacing the time variable t = s/c. Besides, we assume all the densities to be uncorrelated in all planes so that we can write:

L SB = 2N 1 N 2 f rev S L ρ 1x (x)ρ 1y (y)ρ 1s (s -s 0 )ρ 2x (x)ρ 2y (y)ρ 2s (s + s 0 )dxdydsds 0 .
( . )

Let us now consider a collision between two bunches with Gaussian pro les in all dimensions. This is a valid assumption for the LHC case [ , ], and the densities can be written:

ρ iu (u) = 1 σ iu √ 2π exp(- u 2 2σ 2 iu ) ρ is (s ± s 0 ) = 1 σ is √ 2π exp(- (s ± s 0 ) 2 2σ 2 is ), ( . ) 
where i = 1, 2 and u = x, y. We also assume that the two beams are equal in terms of size so that σ 1u = σ 2u with u = x, y, s. Eq. . thus becomes:

L SB = 2N 1 N 2 f rev ( √ 2π) 6 σ 2 s σ 2 x σ 2 y S L e -x 2 σ 2 x e -y 2 σ 2 y e -s 2 σ 2 s e - s 2 0 σ 2 s dxdydsds 0 . ( . )
It is now possible to integrate using:

+∞ -∞ e -ax 2 dx = π a , ∀a > 0, ( . )
and so we obtain nally:

L SB = N 1 N 2 f rev 4πσ x σ y . ( . )
However, we described the case of two single bunches colliding. The LHC is in general lled with n b bunches, producing N b collisions at a given IP and we therefore have to multiply Eq. . by this factor to obtain the expression of the luminosity produced by the collision of two equal beams, assuming Gaussian pro les and no crossing angle:

L = N 1 N 2 f rev N b 4πσ x σ y . ( . )
Nonetheless, colliders such as the LHC do not collide bunches directly head-on but with a crossing angle. The motivation for the presence of a crossing angle is two-fold [ ]. The rst reason is related to the detectors. They have a limited number of channels and trackers. If the number of events becomes too high, some of them will not be measured. Moreover, one has to isolate the track of each created particle. Each tracker and channel thus cannot be saturated. The second reason is related to the collider itself as when approaching the IP, the two beams share the same vacuum chamber and become close from each other. As composed of charged particles in motion, each beam produces a strong and non-linear electromagnetic eld in uencing the other one. These e ects are called beam-beam e ects and can limit the performance of the machine.

In order to compute the integral reported in Eq. . in presence of a crossing angle, a change of variable is needed and the full derivation is reported in Appendix A. Eq. . gives the luminosity of Gaussian bunches colliding with a horizontal crossing angle θ c :

L = N 1 N 2 f rev N b 4πσ x σ y 1 1 + ( σs σx tan( θc 2 )) 2 . ( . )
Using the baseline parameters of the nominal LHC, reported in Table . [ , ], Figure . shows the variation of the luminosity with the crossing angle. From Eq. . and Figure . one can see that increasing the crossing angle would reduce the luminosity. However, reducing this crossing angle brings the two beams closer in a region where they share the same vacuum pipe, thus enhancing the beam-beam e ects. A trade-o has to be found in order to guarantee the best machine performance.

LHC P HL LHC

The LHC performance is described through the integrated luminosity, measured in inverse barns , or more conveniently in fb -1 , and de ned as the time integral over a given interval of the luminosity as de ned from Eq. . :

L int = t 1 t 0 Ldt, ( . 
)
where t 0 and t 1 are generally taken as the beginning and the end of a yearly run.

Figure . shows the evolution of the integrated luminosity along the and LHC runs, for the di erent experiments.

2 0 1 7 -0 6 2 0 1 7 -0 7 2 0 1 7 -0 8 2 0 1 7 -0 9 2 0 1 7 -1 0 2 0 1 7 -1 1 UTC Time Optimizing the integrated luminosity consists in reaching a high peak luminosity at the start of the collisions (within the tolerances of the detectors) together with maintaining a high beam lifetime during the ll and a high machine availability. The peak luminosity in the LHC was foreseen to be 1 • 10 34 Hz/cm 2 , which has been overcome, reaching more than 2 • 10 34 Hz/cm 2 . However, the foreseen yearly fb -1 [ ] in each high luminosity IP were not reached before the run. After announcing the discovery of the Higgs boson by ATLAS and CMS [ , ] in , ful lling one of the primary purposes of the LHC, the latter continued to provide data to the experiments, allowing new measurements of the Higgs boson's properties, along with the potential discovery of new particles or phenomena by the ALICE and LHCb collaborations [ , ].

However, in order to keep increasing knowledge while reducing the statistical errors in the measurements, a major upgrade is needed in terms of luminosity production capacities. Moreover, the magnets located close to the IP and IP are highly exposed to energy deposition due to the collisions occurring nearby and must be replaced as no spare piece was produced in case of damage [ , ]. This major luminosity upgrade is called HL-LHC and is foreseen to start operating around [ ]. In order to fully exploit the potential of the LHC, the HL-LHC project aims to determine a set of beam parameters allowing to reach two main luminosity objectives: a peak luminosity of 8 • 10 34 Hz/cm 2 (compared to the nominal design of 1 • 10 34 Hz/cm 2 for the LHC), leveled along the ll, in order to reach fb -1 per year and therefore about fb -1 within a decade of operation. This corresponds to ten times the luminosity LHC has produced over years of operation. Reaching such objectives implies di erent and various challenges [ ]. Two of the main concerns are worth noting here. The rst challenge consists in providing much brighter beams than in the LHC: the HL-LHC beams will be twice as intense, with smaller emittances. Such beams need to be prepared by the injector complex which has been upgraded in the LIU project. Such brightnesses might rise stability issues, or enhance detrimental e ects such as beam-beam interactions or electron cloud e ects, already present in the LHC. Secondly, and as a direct consequence, the separation between the two beams around the IP has to be increased in order to limit strong beam-beam e ects.

As one can see in Table . , the foreseen crossing angle for HL-LHC is twice as large as in the LHC case. Increasing the crossing angle directly a ects the so-called Piwinski angle, denoted Φ w . This angle characterizes the overlap of the two bunches while colliding and thus the luminosity in presence of a crossing angle. It can be de ned as [ , ]:

Φ w = θ c σ s 2σ * , ( . )
where θ c is the crossing angle, σ s is the RMS bunch length and σ * = ε g β * is the RMS spot size at the IP, de ned as the square root of the product between the β-function at the IP and the geometrical emittance.

The baseline scenario for HL-LHC in order to cope with the enlarged crossing angle is the use of the so-called crab cavities [ , ] that would maintain a low Piwinski angle. A crab cavity is a superconducting RF dipole used in order to recover the ine cient overlap of two colliding bunches due to a large crossing angle. A cavity located before the IP would tilt longitudinally the considered bunch by imposing a kick whose amplitude varies as the bunch passes through the cavity: the head and the tail of the bunch experience the same kick, with opposite sign, while the center of the bunch does not experience any kick. That way, the collision is achieved with an optimized overlap. After the IP (and a phase advance of π), another cavity will kick back the bunch in order to give it back its original angle. This process is called crab crossing and is illustrated in Figure . .

In the present HL-LHC baseline, it is foreseen to install two cavities per beam and per IP side [ ], for a total of cavities in the machine. Each cavity is powered with a voltage of . MV. However, for a full compensation of the baseline crossing angle, four cavities per beam and per IP side would be required. Consequently, the normalized crossing angle (with respect to the beam size σ) was reduced from . σ down to . σ. Such a separation is not enough to neglect the interactions between the two beams [ ]. Moreover, keeping the crossing angle at a lower level would also be bene cial for di erent reasons. Firstly, it would allow for a reduction of the orbit corrector strengths, used to control the orbit bumps in the IR. Secondly, it would reduce the physical aperture needed by the beams in the IR, especially in the nal focusing quadrupoles, called Inner Triplet (IT), where the available aperture is limited

Crab Cavity

Crab Cavity [ ]. Finally, it would reduce the heat load [ ] and the integrated radiation dose deposited on the IT [ ] due to the debris coming from the collisions at the IP.

In the (HL)-LHC, the transverse separation of the two beams in the IR is small, and the two beams thus interact with each other with a longitudinal o set with respect to the IP. Theses interactions are called Beam-Beam Long-Range (BBLR) interactions and have a detrimental e ect on the beam lifetime. Moreover, a high number of bunches is required in the machine in order to optimize the luminosity. Consequently, the number of BBLR interactions around the IPs is high too. The study of these e ects and their possible compensation is of prime importance in a collider such as LHC or HL-LHC where the crossing angle is maintained at a level at which such e ects cannot be neglected.

B B L R I LHC

In this Section, we develop in more details the e ects of the BBLR interactions, in the case of the LHC. In a rst part, we describe the location of those interactions along the machine, together with the way we can enumerate them. In a second part, we evaluate their e ect from a beam dynamics point of view and draw conclusions about possible solutions in order to compensate them. In the next Sections, we introduce several useful concepts of beam dynamics. The reader is assumed to be familiar with the basic concepts of linear optics.

L E BBLR I

At rst, we study the longitudinal location of the BBLR interactions, together with a way to count the di erent encounters a given bunch would experience.

B ' P I R

The IR is the straight section of a sector in which the two beams will cross at the IP (in the case of the IR housing an experiment: IR / / / ). At the IP, the two beams collide with a crossing angle so that they can be separated after the collision. This crossing angle is vertical in IR and horizontal in IR . In order to control this crossing, orbit bumps are created using horizontal or vertical orbit correctors. A rst dipolar kick is given to the beam on the non-IP side of the IT, and the orbit bump is closed on the other side of the IP by another corrector whose phase advance with respect to the rst one is equal to π. The positions are given with respect to the laboratory frame. From the IP, the beams share the same vacuum chamber and go through the IT before entering the separation dipoles, noted D . These are normal conducting magnets [ ]. After the D , the vacuum chamber splits into two in a Y-shape. The nominal separation of . cm between the two beams is reached in the superconducting recombination dipole, denoted D .

Around IP , the horizontal separation is brought to zero at the D locations, while a vertical bump allows for the crossing of the two beams. Around IP , the crossing is done in the horizontal plane, as one can see on Figure . b. The presence of a vertical bump and of a non-zero vertical position at the IP location is due to a misalignment of the CMS detector that has been corrected in view of the next LHC Run [ ]. In between the two D , where the beam-beam separation is the smallest one, the interactions between the two beams can be treated in the horizontal or the vertical plane while neglecting the other. After the D , the beam-beam separation increases rapidly and the interactions between the two beams become negligible. The exit of the two D are located at approximately m from the IP. Above this limit, the interactions between the two beams are neglected. The bunches are separated in time by ns, which corresponds to a distance of . m. A bunch from a given beam thus interacts with a bunch from the other beam every . m. This gives a total of interactions per IP and per side. However, this number is not constant, and depends on the beam structure.

B B C S

Depending on the injected lling scheme in the collider, the number of interactions between the bunches of B and B can vary. The beam structure is de ned by a succession of lled buckets separated by empty ones. Bunches are generally grouped in trains of or bunches and several trains can be injected in the machine. For a given number of bunches, the number of Head-On (HO) collisions depends on the considered IP. IP and IP are diametrically separated and the number of HO collisions is the same for both of them. However, this is not the case for IP and IP . Not only they are closer to IP than to IP , but the distances between IP and IP , and between IP and IP , are not exactly the same. When the two beams interact in an IR, each bunch might encounter one or none partner bunch from the other beam at the IP, producing, or not, a HO collision. As for the HO, the number of BBLR interactions it experiences depends on its position in the train, and on the structure of this train. This is the concept of beam-beam collision schedule. A bunch located in the middle of the train experiences more BBLR interactions than a bunch located at the extremity of this train. Figure . gives an example of a LHC Run lling scheme. Many trains are visible, some of them close to each other while some others are more separated. The large gap at the end of the beam corresponds to the previously mentioned abort gap. From this lling scheme, it is possible to All the bunches do not collide HO in all IPs, and the number of BBLR interactions they experience in fact depends on their position within the train. One can count the number of BBLR interactions a bunch would experience in a given IP. Figure . thus shows the number of BBLR interactions experienced by the bunches of Beam in the IR as a function of their position within the beam.

A bunch experiencing less or no BBLR interactions is often referred in the literature as a PACMAN bunch. The PACMAN e ects for LHC or HL-LHC were largely studied and are described, for instance, in [ , ]. During the early design phase of the LHC, such e ects were expected to be of prime importance. However, after operating the machine for more than a decade, it seems that the LHC is eventually not dominated by PACMAN e ects. We showed where the BBLR interactions are located, and how to enumerate them. In order to study the impact of such interactions on the beams dynamics, it is now necessary to describe the optics of the LHC.

O LHC

In this Section we describe the main features of the LHC optics, focusing on the IR, which is the location of the BBLR interactions.

T A T S

Since the beginning of the Run in , a new optics scheme was developed and implemented in the LHC: the Achromatic Telescopic Squeeze (ATS) [ , , ]. The LHC uses the so-called round optics. Both β * are equal at the collision point. The ATS scheme consists in splitting the reduction of β * in two stages. The rst one, called pre-squeeze, uses the matching quadrupoles of a given IR in order to reduce β * at an intermediate level ranging from m to cm depending on the machine con guration. However, using those matching quadrupoles has several limits (quadrupole strength, chromaticity correction, orbit control...). Consequently, by using only the pre-squeeze, one can reach β * = cm for the LHC and β * = cm for the HL-LHC. The ATS is therefore needed for the HL-LHC in order to reach the foreseen β * of cm. The second step consists in a so-called tele-squeeze. Reduced β * values are reached using the matching quadrupoles located in the nearby IRs, namely IR and IR for the tele-squeeze in IR , and IR and IR for the tele-squeeze in IR . The sectors , , and are denoted ATS sectors. This con guration results in the propagation of β-beating waves along the arcs, leading -with the correct choice of phase advances -to the desired reduced β-function at the IP. Those β-beating waves are designed in order to preserve the chromatic correction of the Inner Triplet, using the sextupoles located in the ATS sectors. The design and the convenience of such a scheme is, in fact, based on the fact that the peaks of the β-functions occur in speci c locations, typically where the arc sextupoles, or the arc octupoles are located, increasing consequently their e ciency. The ratio between β * P re , the β * at the end of the pre-squeeze, and β * T ele , the β * at the considered tele-squeeze is called tele-index and is denoted r T ele :

r T ele ≡ β * P re β * T ele . ( . )
Figure . shows the β-functions at . TeV around the IP in both planes, together with the corresponding ATS sectors.

The example given in Figure . (bottom plot) shows a β * equals to cm, which is in practice not reachable in the LHC. However, this example is chosen for the sake of graphical evidence. One can see the β-beating wave propagating from the ATS sectors towards the IP to be squeezed. Each arc is composed of standard FODO cells [ ]. The phase advance of each arc is close to π/2 and chosen such as the sextupoles and octupoles installed in the arcs are correctly in phase. The sextupoles are used to correct the chromaticity of the machine while the octupoles (so-called Landau octupoles) are used in order to produce enough Landau damping to provide beam stability [ , ]. x , r Tele =1 y , r Tele =1

x , r Tele =1.33 y , r Tele =1.33

x , r Tele =4 y , r Tele =4 The propagation of the β-beating wave in the arc is visible, and the β-functions are in fact increased or decreased signi cantly when reaching high tele-indexes.

As a result, Figure . shows the β-functions around IP , for B , and for a β * equals to cm (r T ele = . ). It is worth noting some interesting properties of the optics around the IP:

• The optics are antisymmetric for a given beam with respect to the IP for both transverse planes, namely:

β R x = β L y and β L x = β R y
, where L and R stand for left and right respectively.

• The optics are antisymmetric for a given IP side with respect to other beam, namely:

β B1 x = β B2 y and β B2 x = β B1 y .
• The optics are identical for the two beams between the two high-luminosity IP, with a horizontal crossing in IP and a vertical in IP (at least for the LHC).

B B S

For the study of the BBLR interactions, the distance between the two beams is of prime importance. This distance is called beam-beam separation and denoted d bb . This physical separation can be computed from the beam positions in the laboratory frame as displayed in Figure . . One can normalize this beam-beam separation by the transverse beam size. The normalized beam-beam separation is denoted ∆ bb and is given in unit of σ x,y . Moreover, one can also de ne the inner normalized beam-beam separation, denoted ∆ in and de ned as the normalized beam-beam separation in the region between the two ITs, which is a constant, as in Eq. . [ ]:

∆ in = θ c β * g , ( . )
where θ c is the full crossing angle given in rad, β * is the β-function at the IP and g is the geometrical emittance.

During the -LHC Run, the normalized emittance N was equal, in both planes, to about . µm.rad [ ]. The relation between the normalized and geometrical emittance is given by:

N = β r γ r g , ( . ) 
where β r and γ r are the relativistic Lorentz factors. During the LHC Run , the inner normalized beam-beam separation, assuming a β * of cm and a half crossing angle of µrad was therefore equal to about . σ x,y . To compare, the inner normalized beam-beam separation in HL-LHC is foreseen to be set to about . σ x,y . Moreover, in the case of HL-LHC, the bunch intensity is foreseen to be multiplied by two, while the number of BBLR interactions remains unchanged. The inner beam-beam separation is thus larger than in the LHC case, but not enough to neglect the interactions between the two beams [ ].

Figure . shows the horizontal physical and normalized beam-beam separations around the IP . At this stage, we are capable of giving the location of the BBLR interactions around the machine and to enumerate the di erent encounters. We have described the optics at these locations, and we can now evaluate the e ect of the BBLR interactions on the beam dynamics. Let us rst compute the electromagnetic eld created by a beam.

In the following, we assume to be in the weak-strong approximation [ ]. This model assumes that a single particle (weak beam) is perturbed by a strong beam (that is not a ected by the weak beam). With such an approximation, the beam-beam interactions can be treated as static lenses. However, if the beam-beam interactions become important, the hypothesis of a strong unperturbed beam is not valid anymore. The corresponding model is called strong-strong conditions and the study of the e ect of one beam on the other has to be done iteratively.

Let us now assume a bunch of the strong beam in its own rest reference system. The density distribution of this bunch is assumed to be bi-Gaussian as it is usually verify in the LHC case [ , ] and given in Eq. . :

ρ(x, y) = Q 2πσ x σ y e -( x 2 2σ 2 x + y 2 2σ 2 y ) , ( . 
)
where Q is the total charge of the bunch, (x, y) the coordinates of the evaluation point with respect to the center of the bunch and σ x,y the RMS transverse bunch size. The bunch length (order of centimeter) is much larger than the transverse size (order of micrometer), so that we neglect the longitudinal dependency of the distribution.

From this distribution, it is possible to derive the eld created by the bunch as the associated potential φ(x, y) follows the Poisson equation:

∇ 2 φ(x, y) = ρ(x, y) ε 0 , ( . )
where ε 0 is the vacuum permittivity. In , M. Bassetti and G. A. Erskine derived the closed expression for the electric eld components E x and E y in this particular con guration, using the complex error function and integrating in the complex plane [ ]. From these expressions, one can then obtain the formula for the Lorentz forces experienced by a particle of coordinates (x, y), of charge q and of velocity v from the general de nition of the Lorentz force: ) where (E, B) represents the electromagnetic eld created by the bunch, in the laboratory frame. In the bunch rest reference system, the eld is purely electrostatic and is enough in order to compute the associated force.

F = q(E + v × B), ( . 
In the hypothesis of a round beam (σ x = σ y = σ), the closed form obtained in [ ] can be simpli ed and one can obtain the force created by a bunch of N protons, as de ned in Eq. . [ ]:

F x = - N e 2 (1 + β 2 r ) 2πε 0 x r 2 1 -e -r 2 2σ 2 F y = - N e 2 (1 + β 2 r ) 2πε 0 y r 2 1 -e -r 2 2σ 2 , ( . 
)
where r = x 2 + y 2 and e is the elementary charge.

The associated kick (∆x , ∆y ) experienced by a test particle is given by Eqs. . and illustrated in Figure . in the particular example of two beams crossing in the horizontal plane, still in the hypothesis of round beams:

∆x = 2r p N γ r x r 2 1 -e -r 2 2σ 2 ∆y = 2r p N γ r y r 2 1 -e -r 2 2σ 2 , ( . )
where r p is the classical proton radius. In Figure . one can see the kick corresponding to a HO interaction for x very close to zero and the one induced by a BBLR interaction for larger x. For particles located at a large distance from the strong beam (r σ), the kick de ned in Eqs. . can be written:

∆x = 2r p N x γ r r 2 ∆y = 2r p N y γ r r 2 .
( . )

From the obtained kick or its derivative, it is possible to estimate the e ect of the strong beam on the weak one in terms of orbit distortion or betatron tune shift.

For x equals to zero, that is a HO collision, a particle does not experience any force by symmetry. The kick also vanishes for in nite distances, that is a BBLR interaction with a large beam-beam separation. Assuming only a dipolar kick, the e ect of the closed orbit at a longitudinal position s due to a given kick ∆u located in s i , where u = x, y, is denoted ∆u co and can be derived from [ ]:

∆u co (s) = β u (s i )β u (s) 2 sin(πQ u ) cos(πQ u -|µ u (s) -µ u (s i )|)∆u (s i ), ( . 
)
where β is the betatron function, Q the betatron tune and µ the phase advance. One can therefore evaluate the closed orbit distortion at the kick location and obtain:

∆u co (s i ) = β u (s i ) 2 sin(πQ u ) cos(πQ u )∆u (s i ). ( . )
Concentrating now on the rst order derivative of the obtained kick, one can obtain the betatron tune shift induced by the beam-beam interactions. For distance very close to zero (HO collision), the tune shift is linear and proportional to the rst order derivative of the force, as shown in Figure . . The strength of a HO collision can be quanti ed by this tune shift -also sometimes called beam-beam parameter in the literature -de ned for a round beam as [ ]:

∆Q HO

x,y = N r p β *

x,y 4πγ r σ 2 . ( . )

In the LHC, the HO interactions in the high-luminosity IPs are strong and the choice of the betatron tunes to operate the machine is important as the HO will shift this working point [ ]. From Eqs. . it is possible to compute the BBLR induced kick as for the HO interaction and to get the associated linear tune shift. However, the symmetry of the crossing between the two high-luminosity IPs (crossing plane rotated by π/2) allows for the self compensation of the quadrupolar and more generally the k+ order components induced by the BBLR interactions. This means that the BBLR induced linear tune shift, as well higher order tune spread (see next Section), self-compensates between IP and IP . This idea of designing IPs such as BBLR induced tune shifts would self-compensate dates back to the early design of the Superconducting Super Collider (SSC) [ ].

To conclude, HO interactions shift the betatron tunes by a value that depends on the beam intensity and the β * . However, HO interactions do not induce an orbit distortion at the rst order approximation. Secondly, the BBLR interactions induce both a linear tune shift and an orbit distortion. The latter is compensated in average in the machine by design [ ] while the rst one is self-compensated by the symmetry of the crossing plane in the two high-luminosity IRs. Compensating the linear components of the BBLR interactions is therefore not needed. Nonetheless, beam-beam interactions also drive higher order components, as we will see in the next Section.

M E N L O

In the previous Section, we derived the kick induced by the beam-beam interactions, and focused on the rst orders e ects, that are the orbit distortion and the betatron tune shift. In this Section, we propose to expand into multipoles the electromagnetic eld induced by the strong beam, and to study the impact of higher order components on the dynamics of the weak beam.

We now consider two bunches interacting at a longitudinal position s = s 0 , taken as the time origin t = 0, in the laboratory frame. One of the two bunches is assumed to be the strong beam, while the other is the weak one. The charge distribution of the strong beam is assumed to be bi-Gaussian, truncated in both horizontal and vertical plane. This assumption is valid in presence of the collimators in the LHC, that clean the beam halo. The total surface charge of the strong bunch in the considered transverse plane is Q 0 and the characteristic radius of the distribution is denoted r 0 . The center of the strong bunch is taken as the reference system origin. The strong beam is assumed to travel towards positive z direction and the weak beam toward negative z. We construct a circle, called expansion circle, of radius r c (radius of convergence) and centered on z 0 , that is the center of the weak beam with respect to the center of the strong one, that does not include any material or current sources, so that the assumption of free space stands. Finally, we consider a test particle of the weak beam located at a transverse position z = x + iy with respect to the strong beam. Figure . shows a schematic view of the reference system. We assume here to be in a straight section, so the curvature is zero. The curl of the magnetic eld is zero and so is the derivative of all the eld components with respect to the z-direction:

∇ × B = 0 ∂B x ∂z = ∂B y ∂z = 0. ( . )
Moreover, we have that ∇ • B = 0, so that nally we can write: ) which are the Cauchy-Riemann conditions. The magnetic eld induced by the strong beam and seen by the test particle can thus be written under the form of a Taylor expansion as in Eq. . [ , , ]:

∂B x ∂x = - ∂B y ∂y ∂B x ∂y = ∂B y ∂x , ( . 
B y + iB x = ∞ n=0 C n (x + iy) n , ( . )
where C n is a complex constant, dependent on the relative position of the two beams. The C n coe cients characterize the strength and the orientation of each multipole in the transverse complex plane. One can distinguish the normal and skew component of a multipole n, and de ne C n as:

C n = b n + ia n , ( . )
where b n and a n represent the normal and skew components respectively. So we get the general multipolar expansion in Cartesian coordinates:

B y + iB x = ∞ n=0 (b n + ia n )(x + iy) n . ( . )
For the sake of consistency with numerical computations, we choose to follow the multipole numbering convention used in the MAD-X software [ ], where n = 0 corresponds to the dipolar component.

It is sometimes more convient to use the polar coordinates (r, θ). Using these coordinates, the magnetic eld can be written:

B y + iB x = ∞ n=0 (b n + ia n )r n e inθ , ( . 
)
where the polar coordinates are obtained using:

x = r cos θ y = r sin θ z = x + iy = re iθ . ( . )
One can express the magnetic eld in terms of radial B r and azimuthal B θ components as:

B y + iB x = (B θ + iB r )e -iθ . ( . )
Hamiltonian formalism is commonly used in accelerator physics as it allows us to obtain the equations of motion without the need for integrating, which can be di cult. The goal of this Section is not to develop this formalism but simply to recall some results that can be retrieved from [ , ]. The Hamiltonian formalism will be particularly useful when studying the resonances driven by the BBLR interactions in the next Chapter.

We write the general expression of the Hamiltonian for an ultra-relativistic particle (β r ≈ 1, γ r 1) traveling in an electromagnetic eld represented by the vector potential A(x, t) and the scalar potential Φ(x, t):

H(x, P, t) = c (P -qA(x, t)) + m 2 c 2 + qΦ(x, t), ( . )
where x and P are the conjugate variables, e the elementary charge and m the mass of the particle. It is in general more convenient to use the canonical variables (x, p x ; y, p y ) and the longitudinal position s as independent variable. Assuming a straight section of the accelerator (zero curvature), and no electric eld, the Hamiltonian . can be written [ ] in the ultra-relativistic approximation (β r ≈ 1, 1/γ r ≈ 0):

H(x, p x , y, p y ; s) = δ -(δ + 1) 2 -p 2 x -p 2 y -a s (x, y), ( . 
)
where δ = ∆p/p 0 is the relative momentum deviation and p 0 the reference momentum. The vector potential is taken to have only a longitudinal component A s with an appropriate choice of gauge. a s represents thus this longitudinal component of the vector potential, normalized by the beam rigidity a s (x, y) = A s (x, y)/Bρ. This choice of gauge is possible assuming only transverse magnetic elds such as B = (B x , B y , 0).

Each multipole from . has a component in the Hamiltonian . so that one can expand it under the form:

H(x, p x , y, p y ; s) = ∞ n=0 H n + p 2 x + p 2 y 2(δ + 1) = ∞ n=0 1 1 + n (k n (s) + ik (s) n (s))(x + iy) n+1 + p 2 x + p 2 y 2(δ + 1) , ( . ) 
where k n and k

(s)
n are the strength corresponding to the normal and skew components of the n th -multipole, de ned as:

k n = 1 Bρ ∂ n B y ∂x n = b n Bρ k (s) s = 1 Bρ ∂ n B x ∂y n = a n Bρ .
( . )

As an example, one can study the e ect of a normal octupole component (n = 3) on the weak beam. The corresponding Hamiltonian can be written: ) where the (x, y) coordinates can be written, in the perturbation approximation, in terms of action-angle variables (J x , µ x ; J y , µ y ): ) where β x,y are the β-functions and the actions J x,y are de ned positive. So the Hamiltonian can be written:

H 3 = 1 4 k 3 (s) (x + iy) 4 = 1 4 k 3 (s)(x 4 -6x 2 y 2 + y 4 ), ( . 
x = 2J x β x cos(µ x ) y = 2J y β y cos(µ y ), ( . 
H 3 = k 3 J 2 x β 2 x cos 4 (µ x ) -6J x J y β x β y cos 2 (µ x ) cos 2 (µ y ) + J 2 y β 2 y cos 4 (µ y ) ( . )
The corresponding tune shift can be computed using [ ]:

∆Q x,y = 1 2π d H 3 dJ x,y , ( . 
)
where H 3 is the average of the Hamiltonian over the betatron phase µ x,y . Finally, the obtained tune shift can be written:

∆Q x = 3 8π k 3 β 2 x J x -2β x β y J y ∆Q y = 3 8π k 3 β 2 y J y -2β x β y J x .
( . )

The detuning induced by the normal octupolar component of the BBLR interactions depends on the amplitude of the test particle. The resulting e ect on the beam will thus be a tune spread, or detuning with amplitude. The remaining question is now to evaluate the strength of the normal octupolar component k 3 . To do so, let us consider the rest reference frame of the weak beam. The electric and magnetic eld seen by the test particle are purely radial and azimuthal respectively and are related by [ ]:

E r = -cB θ = Q 0 2πε 0 |z| δ(s -s 0 + ct), ( . ) 
where ε 0 is the free space permittivity and δ is the Dirac function. The time variable t can be substituted as t = (s -s 0 )/c so that we get:

B θ = - Q 0 2πε 0 c|z| δ(2(s -s 0 )) = - Q 0 4πε 0 c|z| δ(s -s 0 ). ( . )
In order to obtain the integrated Lorentz force seen by the test particle, one has to change reference frame and choose the laboratory frame as described in Figure . . In this reference frame, one can integrate the azimuthal magnetic eld seen by the particle to obtain the e ective magnetic eld corresponding to the integrated Lorentz force. Denoting θ = arg(z): 

(B y + iB x )ds = 2 bunch (B θ + iB r )e -iθ ds = - Q 0 2πε 0 c|z| e -iθ = - Q 0 2πε 0 c |z|e -iθ |z| 2 = - Q 0 2πε 0 c 1 z .
( . )

It is worth noting that a factor two was added in comparison to Eq. . due to the change of reference system: in the two laboratory frame, the two bunches are moving in opposite directions. Finally, we obtain, by using ε 0 = 1/(µ 0 c 2 ) and by de ning an equivalent integrated current (IL) eq ≡ Q 0 c:

bunch (B y + iB x )ds = - µ 0 (IL) eq 2π 1 z . ( . )
We recognize the integrated magnetic eld of a Direct Current (DC) wire, carrying a current I, of nite length L and located at a distance d from the observation point. We thus identify the multipolar expansion from Eq. . to obtain the octupolar strength needed to complete Eq. . and obtain:

∆Q x = - 3µ 0 (IL) eq 16π 2 Bρ 1 d 4 β 2 x J x -2β x β y J y ∆Q y = - 3µ 0 (IL) eq 16π 2 Bρ 1 d 4 β 2 y J y -2β x β y J x .
( . )

The usual way to study numerically the detuning with amplitude induced by the BBLR interactions is to plot a so-called tune footprint. In the LHC, the nominal working point in terms of betatron tunes is (Q x = 62.31, Q y = 60.32). However, in presence of HO interaction, this working point is shifted as mentioned in the previous section. Moreover, the BBLR interactions induce an additional amplitude detuning as we just showed. Figure . compares the tune footprints obtained considering only HO collisions and considering both HO and BBLR interactions.

One can observe that the BBLR interactions enlarge the tune footprint. Consequently, some particles are more likely to cross resonances lines, leading to beam losses.

In the derivation of the linear detuning with amplitude, an important observation was made. For large enough beam-beam separations, the force experienced by a test particle from the weak beam is equivalent to the one produced by a DC wire. This observation raises the question of a possible mitigation of the BBLR interactions using DC wires. This method is the topic of this Thesis.

BBLR C U DC W

In this Introduction, we saw that each bunch will have a di erent beam-beam collision schedule. This variety of beam-beam schedule would call for a bunch-by-bunch device for the compensation of the BBLR interactions. In , V. Shiltsev proposed for the rst time a possible compensation of the BBLR induced tune spread using an electron lens [ ]. The aim was to compensate beam-beam e ects in the Tevatron proton-antiproton collider using electron beams. Having an opposite charge, an electron beam should be able to counteract the e ect induced by the proton beam on the antiproton one. In [ ], V. Shiltsev proved that is was possible to reduce the tune variation The idea of the compensation of the BBLR interactions using DC wires dates back from the early 's by observing the similarity of the BBLR kick with the 1/r shape of the kick given by a DC wire [ , ]. For large enough separations (typically for σ > ), corresponding the BBLR interactions, the kicks induced by a DC wire or beam-beam interactions are similar. Consequently, the approximation between a beam and a wire is even better in the case of HL-LHC, where the normalized crossing angle is larger than in the case of the LHC. where one can observe the evolution of the active length and the radius of the wires with respect to the nominal currents expected to be carried. Those di erent experiments have successfully demonstrated the potential bene cial e ect of the wires on the beam lifetime. However, no rigorous analytical treatment was carried out. In , in the framework of the HL-LHC project, it was shown that two wires per IP, correctly located, could compensate or minimize all the so-called Resonance Driving Terms (RDT) [ ]. Di erent approches to chose the wire settings -including this one -are described in Chapter and used in order to chose at best the wire compensators settings in the LHC as the results obtained in [ ] motivated the construction and the installation of demonstrators for the LHC. A two years long experimental campaign followed and the obtained results are reported in Chapter . Those experimental results are accompanied by numerical results from tracking simulations. The goal was to demonstrate the possibility of compensating the BBLR interactions in the LHC during the -LHC Run, and to prepare the use of such devices for the future LHC Run and the HL-LHC era. In Chapter , we report the results of another set of experiments, consisting in mitigating the BBLR interactions using the Landau octupoles present in the LHC. Finally, in Chapter , we report the numerical results obtained in order to prepare the operation of the LHC with the BBLR compensators during the next LHC Run . The positive experimental and numerical results obtained and presented in this Thesis turned the wires into operational devices, foreseen to be used systemically at the end of each ll, in order to gain operational experience in view of the HL-LHC era.

W C S LHC

During the -winter technical stop, wire compensators were installed in the LHC, around IP . The compensators in IR were installed the following year, during the -winter technical stop. The installed devices are proof-of-concept demonstrators, intended to show the possibility of mitigating the BBLR interactions using DC wires. In this Chapter, we describe the experimental hardware as installed in the LHC in , together with the di erent methods used to chose the operational settings of the compensators. Finally, we validate the choice of settings using tracking simulations, and discuss the di erences between an ideal setup without any constraint, and the setup used during the experimental campaign.

T E S LHC M F DC W

We assume a DC wire in free space. As in Section . . , the Cauchy-Riemann conditions are veri ed and the magnetic eld created by a wire can be written under the form of a Taylor expansion:

B y + iB x = ∞ n=0 (b n + ia n )(x + iy) n , ( . ) 
where b n and a n are the normal and skew components of the n th -multipole, respectively. We assume the center of expansion (0, 0) to be the reference orbit of the weak beam. The integrated normal and skew components, denoted B n and A n respectively, can be derived from Eq. . [ ]:

B n + iA n = W ire (b n + ia n )ds = - µ 0 (IL) w 2π n! (-x w -iy w ) n+1 , ( . )
where (IL) w is the integrated current of the wire expressed in A.m, and (x w , y w ) give the position of the wire with respect to the reference orbit of the weak beam. In MAD-X [ ], as in the experiment, the weak beam is assumed to be Beam , while Beam is the strong beam. A positive integrated current (IL) w > 0 corresponds to a current owing in the positive s-direction, which corresponds to the Beam direction. Using Eq. . , one can get an expression for the normal and skew coe cients using the MAD-X conventions. In MAD-X, multipoles coe cients are normalized by the beam rigidity Bρ to obtain the integrated normalized strength of each normal and skew multipole (KN n and KS n respectively) as shown in Eqs. . :

       KN n = B n Bρ KS n = A n Bρ . ( . a) ( . b)
Eqs. . nally give the expression of the n th -multipole strength for a DC wire, using the previous equations. The wires can carry a DC current up to A, which is the design and operational value, even if higher currents have been reached during the thermo-mechanical tests of the prototypes. When powered to their nominal power, the wires can produce a thermal load of about kW by Joule e ect. This thermal load is then absorbed by the jaw. The design of the wires has therefore to take into consideration those e ects since the presence of a wire shall not jeopardize the main purposes of the collimator which are to clean the beam and to protect the machine. Consequently the wires are brazed to a Glidcop ® T-shaped support [ ]. This support is then connected to the tungsten block by means of screws. This brazing maximizes the thermal dissipation and consequently the cooling of the wire itself. At the extremities of the collimator, where the wire is not in direct contact with the jaw, and where the dimension of the wire is not an issue anymore from a beam dynamics point of view, the wire diameter is increased from . mm to . mm in order to decrease the Joule e ect induced losses. A section view of the wire in its support is shown on Figure . . Each jaw is equipped with two motors allowing a lateral movement of each extremity. These motors are used to open or close the collimator gap, or to introduce a tilt in order to align the collimator with the beam. Moreover the collimator is equipped with an additional motor, enabling the overall tank to be displaced in the plane orthogonal to the one of collimation (in the case of Figure . a, in the vertical plane). The presence of this so-called th -axis is motivated by the necessity to o set damaged portions of the jaw by an undamaged one by a simple translation of the collimator, in case of beam impact. On Figure . b one can see the jaws equipped with a wire, visible in the center of each jaw.

         KN n = - n! Bρ µ 0 (IL) w 2π 1 (-x w -iy w ) n+1 KS n = - n! Bρ µ 0 (IL) w 2π 1 (-x w -iy w ) n+1 .
The jaws are water cooled in order to minimize the impact of the beam induced heating on the overall mechanical structure. The wire moves, together with the housing jaw, inside the vacuum chamber, with an accuracy of about µm. Its transverse position is thus constrained by the collimation hierarchy. The wires should therefore always sit not only in the shadow of the primary and secondary collimators but also under the protection of the housing tertiary collimator. Consequently, the wires' center is installed mm behind the jaw of their collimator. Each collimator houses two Beam Position Monitors (BPM), one at its entrance (up-stream) and one at its exit (down-stream) [ , ]. These devices are made of two pick-ups (PU) -one on each jaw -that record the position of the beam within the gap that separates them.

The LHC layout during the Run including the wire compensators (denoted R , L , R , L ) is presented schematically in Figure . . The naming of the wire compensators corresponds to the IP side (Left or Right) and number (IP and ).

The longitudinal position of the wire collimators with respect to the close-by IP is given in Table . .

Wire Compensator Dist. from IP [m] Plane

Wire L -. V Wire R . V Wire L -. H Wire R . H
Table . : Longitudinal positions of the wires with respect to the IPs.

Finally, Figure . shows the location of the two wires in IR together with the optics layout. The wire collimators are located in a region where the two vacuum chambers are separated, right after the recombination dipole D , and close to the Q quadrupole. At the wires location, the β-functions are not equal in both planes. In the case of IR , as one can see from Table . , one of the wires (Wire L ) is located further away from the IP, and is close to the Q quadrupole.

We saw in this Section that the wires settings are constrained by the hardware, and the machine layout. In the following Sections, we shall describe di erent approaches in order to determine the remaining free settings of the wires, namely their current and, to some extend, the beam-wire distance.

The mention coll refers to the collimation sigma, assuming a normalized emittance of . mm.mrad. 

ATLAS

BBLR C T F

The rst proposal for the compensation of the BBLR interactions using electromagnetic lenses in the LHC was done in , by J.-P. Koutchouk in [ ]. The main outcome of this report was the determination of the wires' settings, based on a rough scaling of the beam current. The observable of interest for the compensation is the tune footprint, as discussed in the Introduction. It was in fact shown that the use of DC wires can compensate the tune spread induced by the BBLR interactions.

In [ ], the choice of the wires' settings is done without considering the hardware constraints formerly mentioned in the previous Section. The study is based on the observation that most of the BBLR interaction occur in between the IT, where the β-functions are equal in both planes, and the normalized beam-beam separation is constant. The proposal of J.-P. Koutchouk in order to compensate the BBLR interactions is thus to install a DC wire where β x = β y (that is between D and D , see Figure . ), at a transverse distance equals to the average beam-beam separation over the rst encounters, and powered with a current equal to times the current of one bunch: ) where N LR corresponds to the considered number of BBLR encounters ( in the described approach). (IL) eq is thus given in A.m. In [ ], it is assumed to use one wire per IP and per side.

(IL) eq = N LR Q 0 c, ( . 
In this example, we study the LHC nominal con guration (θ c / = µrad, β * = cm). In nominal operation, the Landau octupoles current is set to + A. Figure . shows the tune footprint of three di erent cases. In the rst one, only HO collisions occur in the high luminosity IPs. In the second one, we add BBLR interactions in the corresponding IRs. Finally, we add the wire compensation in the third case. In order to follow the approach described in [ ], the longitudinal position of the wires is set such as β x = β y at the wire location, which occurs at about m from the IP. The transverse beam-wire distance is equal for each wire, and is set to the normalized inner separation ( . σ with this speci c con guration). The β-functions at the wires' location are equal to about m, giving a nal physical transverse beam-wire distance of about . mm. In terms of currents, the above estimation is used, and all the wires are powered with:

I w = N LR Q 0 c = 15 × Q 0 c ≈ 83A, ( . )
where we assumed a bunch population of . • 11 protons.

In Figure . one can see that, as observed in the Introduction, the BBLR interactions signi cantly enlarge the tune footprint. High amplitude particles are the most a ected, and cross several resonances. In the LHC, this would lead to beam losses. The use of the wire compensators (green dots) allows us to compress back the tune footprint to a situation much closer to the one with HO collisions only (red dots). As for the BBLR interactions, the wire compensators act mostly on the high amplitude particles.

However, this con guration is unrealistic for several reasons in the case of the LHC:

• Longitudinal position of the wires: in this example, we installed the wires at about m from the IP. In the LHC, this corresponds to a location before the D recombination dipole (see Figure . ). At this speci c location, the two vacuum chambers are not parallel, and the nominal separation of . cm is not reached yet. Since the wires are installed in between the two beams, it would be wiser to install them after the D .

• Transverse beam-wire distance: the wires are installed at a distance from the beam equals to the inner normalized distance. In this speci c example, this correspond to a physical distance of about . mm. However, the wire compensators have to be installed in the shadow of the tertiary collimators, which might not be the case in this con guration.

Nevertheless, the proposed solution provides a good improvement of the tune footprint, which could lead to a signi cant reduction of the beam losses in operation. This proposal was not retained for the choice of the wires' settings in the LHC. However, the tune footprint will remain an observable of interest in the next Sections and Chapters.

BBLR R D T

In , S. Fartoukh, in [ ], proposed an alternative and more general approach for choosing the wires settings in order to compensate perfectly the BBLR interactions, in the frame of the HL-LHC project. This approach is based on the compensation of the so-called Resonance Driving Terms (RDTs). This Section presents the main outcome of this work. Then we propose an adaptation to the LHC case, rst in an ideal con guration without any technical constraint and thus in a realistic con guration compatible with the hardware described in the previous Sections.

C P

As discussed previously, both a beam and a DC wire produce an electromagnetic eld containing all the multipole components, therefore exciting all orders of resonances. This resonances excitation mechanism can be quanti ed by the Resonance Driving Terms (RDT) that depend -in our situation -on the intensity of the source (either the beam intensity or the wire current), the β-functions at the location of the excitation source, and the transverse distance between the source and the evaluation point of the perturbation. The goal of this Section is therefore to nd an expression for these RDTs, both for the wire compensators and for the BBLR interactions in order to see a compensation mechanism emerging from these expressions.

In the Hamiltonian perturbation theory, the goal is to construct a generating function allowing us to re-write our Hamiltonian into a simpler form. Let us write the Hamiltonian of our system under the form of a sum of an unperturbed Hamiltonian H 0 and a perturbation V [ ] :

H = H 0 (J x , J y ; s) + V (J x , φ x , J y , φ y ; s), ( . )
where J and φ are the action-angle variables, s -the longitudinal position -is the independent variable and is a parameter introduced in order to evaluate the order of the perturbation V . H 0 can be written under a normal form (hence, no dependency on the phases). However, this is not the case of the added perturbation. The goal is now to determine a new way to express this Hamiltonian so that we can integrate it. Let us assume a new set of variables (J 1x , φ 1x ) and (J 1y , φ 1y ) de ning the system (two degrees of freedom) in which the new Hamiltonian H 1 is obtained under a simpler form. In order to transform our system into the new variables system, we can construct a generating function of second type F 2 such as:

F 2 = φ x J 1x + φ y J 1y + G(φ x , J 1x , φ y , J 1y ; s), ( . 
)
where G is our function of interest. F 2 represents our transformation from one set of coordinates, to another. In this latter, the new Hamiltonian does not depend on the phases (φ 1x , φ 1y ). The G function can be constructed from the rst order perturbation theory. Writing:

H 1 = H 0 (J 1x , J 1y ; s) + O( 2 ), ( . ) 
and neglecting the terms of order 2 , the new Hamiltonian H 1 is integrable and can be obtained analytically. In the case of a storage ring -or in our case, a collider -with a circumference C, the function G is of the form [ ] (only the real part -related to normal multipoles components k n -is taken into consideration here):

G ∼ s+C s (β x (s )J 1x ) |mx|/2 (β y (s )J 1y ) |my|/2 sin(π(m x Q x + m y Q y )) × k n (s ) sin(m x θ x + m x φ x + m y θ y + m y φ y )ds , ( . )
where m x and m y are integers, k n is a n th -multipole component, Q x and Q y are the horizontal and vertical betatronic tunes, respectively and θ x,y are functions of the phase advances µ x,y and de ned as:

θ x = µ x (s ) -µ x (s) -πQ x θ y = µ y (s ) -µ y (s) -πQ y . ( . )
If G is small, the generating function F 2 in Eq. . is close to the identity. However, G can be in nite if the tunes are such that:

m x Q x + m y Q y = l, ( . 
)
where l is an integer. This condition corresponds to a resonance of order |m x | + |m y |. If a collider is tuned on a resonance, the perturbation that a particle would experience at some point of the machine would add coherently from turn to turn, leading to the possible loss of this particle. However, the proximity of the tunes form a given resonance is not enough in order to quantify its e ect. The strength of this resonance has also to be quanti ed, and

In the following, we neglect the synchrotron motion and work with only two degrees of freedom this is the physical meaning of the RDTs of interest. The strength of a given resonance can be characterized by a factor r that can be de ned, from . as:

re iχ = s+C s β x (s ) |mx|/2 β y (s ) |my|/2 k c n (s )e i(mxθx+myθy) ds , ( . 
)
where χ is a parameter characterizing the contribution of the phase advance between the source of the perturbation and the observation point,

k c n = k n + ik (s)
n is a complex sum of the normal and skew components of the n thmultipole.

From the perturbation theory and the expressions developed below, S. Fartoukh, in [ ], proposed an expression for the leading orders RDTs driven by the BBLR interactions, assuming the beam-wire equivalence showed in the Introduction. Those RDTs are denoted c LR pq and de ned as: ) where p and q can directly be identi ed as m x and m y . By removing the rotation terms, one can x p and q to be positive and so the absolute value can be ignored. One can see that the phase is constant along the IR (in between the two Q quadrupoles), in both planes, with a jump of π at the IP. This allows us to neglect the phasing term in the RDTs expression, so that we get, for the BBLR-driven RDTs:

c LR pq ≡ i∈LR β |p|/2 x (s i )β |q|/2 y (s i ) d |p|+|q| bb (s i ) e i[pµx(s i )+qµy(s i )] , ( . 
c LR pq = i∈LR β p/2 x (s i )β q/2 y,i (s i ) d p+q bb (s i ) . ( . )
Similarly, the (p, q) RDT driven by a DC wire can be written:

c w pq = N w × β p/2 x,w β q/2 y,w d p+q w , ( . )
where N w is the integrated current of the wire, expressed in terms of equivalent number of BBLR interactions (as in Section . . ).

If one considers a single BBLR encounter at a given location, the electromagnetic equivalence between beam and wire guarantees that this interaction can be compensated by installing a wire at this exact location. The same is true for several interactions, by placing a wire at the location of each of them. However, installing a single wire for each BBLR interaction is not reasonable, as the beam-beam separation keeps reducing until the IP, and it would not make sense to install such wires inside the particle detectors. The question is therefore: is it possible to compensate a distributed non-linear kick locally with a single wire? The answer to this question is presented by S. Fartoukh in [ ]. The rationale of the compensation mechanism is illustrated on Figure . . In the weak-strong approximation [ , ] where one beam (strong, illustrated with the yellow dots) is assumed to be unperturbed by the other one (weak, experiencing kicks illustrated by the red arrows), S. Fartoukh showed that it was possible to compensate the non-linear distributed kick by computing two equivalent kicks to be compensated locally by a wire. In an unconstrained situation, where the wires could be installed wherever brings the best results, one can use Eqs. . and . in order to determine the current, the transverse position and the longitudinal position of the wires, required to compensate the BBLR interactions. The longitudinal position of the wires is taken into account in the RDT expression by the dependency on the β-functions at the wires' location.

In [ ], it is shown, without analytical proof, that by installing one wire on each side of the IP at a speci c aspect ratio r w = β x,w /β y,w , at the same physical transverse distance and by dimensioning them such as they compensate two chosen RDTs (p 1 , q 1 ) and (p 2 , q 2 ), then all the other RDTs are compensated or minimized. As the (HL)-LHC optics are symmetric, this aspect ratio can be equal to either ∼ or ∼ . . This is the main di erence with the approach of J. P. Koutchouk described in Section . where the aspect ratio at the wires' location was equal to one.

As an example, Figure . shows the normalized residual RDT after compensation of the ( , )-( , ) RDTs as a function of the β aspect ratio at the wires location, assuming a perfect left/right symmetry with respect to the IP for the installation of the wires, namely, for each IP i = , :

r Ri w = 1/r Li w . ( . )
One can see that all the high-order RDTs are minimized or compensated for the two mentioned aspect ratios. The lower order RDTs as the dipolar or quadrupolar components are not. However, as explained in the Introduction, these components are already optimized in the machine during nominal operation. Nevertheless, it is worth noting that even by choosing the worse possible aspect ratio in terms of residual RDTs (typically, one), we can still compensate at least % of all the RDTs, which would have a signi cant impact on the beam performances. (1,0) and (0,1) (2,0) and (0,2) (1,1) (3,0) and(0,3) (4,0) and(0,4) (3,1) and(1,3) (2,2) (5,0) and(0,5) (4,1) and(1,4) (3,2) and(2,3) The question now is to choose the settings of the wires in order to compensate two RDTs (p 1 , q 1 ) and (p 2 , q 2 ). As mentioned previously, this depends on the location of the wires (both transverse and longitudinal positions) and their currents.

W S I LHC C

Let us start by an ideal case, where there are no technical constraints on the wires installation or hardware limitations. As, of course, no experimental data can be exploited for such a case, this study is done using tracking simulation and this Section is thus an opportunity to introduce useful concepts used in all numerical simulations presented in this Thesis.

Particle tracking is done using both MAD-X [ ] and SixTrack [ ] codes. SixTrack is a D single particle symplectic tracking code used for long term tracking in high energy rings such as (HL)-LHC. The main output provided by SixTrack and used in this thesis is the so-called Dynamic Aperture (DA). The dynamic aperture of a machine is the maximum amplitude of a particle in the phase space for which its motion remains stable [ ]. The goal is to set an initial amplitude grid and to track the particles for N turns, monitoring the moment particles are lost. One therefore gets the amplitude below which all the particles survived, which is de ned as the DA of the machine, that depends on N . This observable is motivated by the fact that even with nowadays computers, it remains impossible to track billions of particles for hours. In the following, and unless mentioned di erently, particles are tracked in the LHC for one million turns, corresponding to about seconds in the actual (HL)-LHC.

Assuming that one can install the wires at the previously described aspect ratios, one can nd analytically the optimal beam-wire distance and currents needed to compensate two given RDT (p 1 , q 1 ) and (p 2 , q 2 ) and, in this particular ideal case, minimize all the others. The analytical optimum is de ned in [ ] as:

d w = β w eq ×   c LR p1,q1 c LR p2,q2 r p2-q2 4 w + r q2-p2 4 w r p1-q1 4 w + r q1-p1 4 w   1 p2+q2-p1-q1 N w =   (c LR p1,q1 ) p2+q2 (c LR p2,q2 ) p1+q1 (r p2-q2 4 w + r q2-p2 4 w ) p1+q1 (r p1-q1 4 w + r q1-p1 4 w ) p2+q2   1 p2+q2-p1-q1 , ( . )
where β w eq = β w x β w y . All the wires are assumed to be installed at the same physical transverse distance from the beam and powered with the same current.

Figure . shows the DA in the con guration space in two di erent cases: with BBLR interactions only and with BBLR interactions and wire compensation. In the following, we consider HO collisions and BBLR interactions only in the two high luminosity IPs. The DA in a con guration without BBLR interactions is not displayed here but the impact of those interactions on the DA in the (HL)-LHC has been largely studied [ , ], and is known to be detrimental. From Figure . , we can see that the wires can recover the DA up to about σ, which is above the acceptable limit of σ, below which beam losses are expected to be observed in the machine.

One can also study the impact of di erent wire currents and beam-wire distances (always assuming that all the wires have the same settings). Figure . shows the evolution of the DA as a function of these parameters. The mention Min DA in the title indicates that among all the DA values for the di erent angles in the con guration space (see Figure . ), only the minimal value is retained as it is considered to be the limiting one. The color scale on the gure corresponds to the DA variation with respect to a situation without wires (I w = A). Red corresponds to a degradation of the DA while blue to an improvement. The green star corresponds to the analytical optimum. On top of the DA color map, the (I w , d w ) combinations compensating two given RDTs are displayed. Being in an optimal situation, all the lines cross at the analytical optimum green star, showing that there is a con guration of the wires that compensate all the RDTs excited by the BBLR interactions. This analytical optimum is obtained for a wire current of about A and a transverse beam-wire distance of about . mm (which is not realistic in terms of collimation constraints, as we saw previously). However, many other good DA points are observed, especially along the line corresponding to the compensation of the ( , )-( , ) or ( , )-( , ) RDTs, which are the octupolar resonances. This observation yields two conclusions. Firstly, those RDTs are important in the BBLR compensation mechanism. This is consistent with Section . , where the observable was the detuning with amplitude, directly related to the octupolar component of the electromagnetic elds. Secondly, the setup does not have to be so ideal to provide satisfactory results, as we will see in the next Section.

W S LHC

In the current LHC, the wires locations are constrained by the installation of the collimators where the aspect ratio is not optimal anymore. Moreover one can see from Table . that the left/right symmetry is broken in the case or IR .

Figure . shows the same study as Figure . but with the actual longitudinal position of the wires. In this case, the compensation lines do not all cross at the same point and a minimization of all the RDTs is not possible. However, the gure shows several good con gurations that could improve the DA up to ∼ . σ, which is quite similar to the improvements observed in Figure . . These good DA con gurations follow, as in Figure . , the ( , )-( , ) RDT compensation line. One has thus to determine the remaining wire settings that are the currents and the beam-wire distance, required in order to compensate these octupolar resonances. Considering each IP independently, and adding the subscripts L and R for the left and right wires respectively, one has to solve the system of Eq. . in order to determine the current required in each wire to compensate the (p 1 , q 1 )-(p 2 , q 2 ) RDTs:

c w,L p 1 ,q 1 + c w,R p 1 ,q 1 = -c LR p 1 ,q 1 c w,L p 2 ,q 2 + c w,R p 2 ,q 2 = -c LR p 2 ,q 2 . ( . a) ( . b)
In the ideal case, the wires are assumed to be installed at the same physical transverse distance from the beam. In the LHC, this is not possible, as the wires are installed inside collimators. The collimator opening is given in terms of normalized jaw-beam distance (the center of the wires being installed mm behind the jaw of their housing collimator). Consequently, the wires can only be located at the same normalized transverse distance from the beam. One can thus solve the system of Eqs. . assuming known ( xed by the collimators opening, assumed to be the same) the distances d R and d L for the right and left wires respectively, as reported on Figure . . Denoting N w,L and N w,R the left and right wire current respectively, one can nally obtain:

N w,L = d p 1 +q 1 +p 2 +q 2 L (c LR p 1 ,q 1 d p 1 +q 1 R β p 2 /2 x,R β q 2 /2 y,R -c LR p 2 ,q 2 d p 2 +q 2 R β p 1 /2 x,R β q 1 /2 y,R ) d p 2 +q 2 L d p 1 +q 1 R β p 1 /2 x,L β p 2 /2 x,R β q 1 /2 y,L β q 2 /2 y,R -d p 1 +q 1 L d p 2 +q 2 R β p 2 /2 x,L β p 1 /2 x,R β q 2 /2 y,L β q 1 /2 y,R N w,R = d p 1 +q 1 +p 2 +q 2 R (c LR p 1 ,q 1 d p 1 +q 1 L β p 2 /2 x,L β q 2 /2 y,L -c LR p 2 ,q 2 d p 2 +q 2 L β p 1 /2 x,L β q 1 /2 y,L ) d p 1 +q 1 L d p 2 +q 2 R β p 2 /2 x,L β p 1 /2 x,R β q 2 /2 y,L β q 1 /2 y,R -d p 2 +q 2 L d p 1 +q 1 R β p 1 /2 x,L β p 2 /2 x,R β q 1 /2 y,L β q 2 /2 y,R . ( . )
As previously discussed, the goal is to target the compensation of the ( , )-( , ) RDTs. Figure . shows the currents required in the wires in order to compensate these RDTs as a function of the collimators opening. The green background coloring corresponds to the currents that are reachable with the present hardware while the red corresponds to those out of reach. The black dash line corresponds to the collimators opening explored during the experimental campaign.

W P C

From Figure . it is clear that if the jaws of the collimators are opened at . σ coll , the required currents in order to compensate the ( , )-( , ) RDTs are out of reach. In order to cope with this issue, the exibility brought by the in-jaw installation was used. As mentioned in Section . . , both collimator jaws contain a wire. A solution consists in recabling the two wires of a collimator in series such as they have the same polarity. By doing so, the quadrupolar, octupolar, etc, strengths are doubled while the others cancel out. This choice is motivated by the need for a compensation of the octupolar resonances as discussed in the previous Section. The two possible con gurations are summarized in Figure . . 

C

In this Chapter, we described rst the wire demonstrators that were built and installed in the LHC in and . We thus showed two di erent approaches that could possibly be used in order to choose the settings of the wire compensators so that they compensate, in the most e cient way, the BBLR interactions in the LHC.

The rst approach was the original one, proposed by J. P. Koutchouk and consisted in installing the wires at a location where the β-aspect ratio is equal to one and to set the transverse beam-wire distance equal to the inner normalized beam-beam separation. The observable was the tune footprint and we showed that such a choice of settings would, in fact, compensate the tune spread induced by the BBLR interactions. However, such longitudinal positions are not reasonable in the case of the LHC with the optics, as an aspect ratio of one is reached before the D recombination dipole.

The second approach was the one of S. Fartoukh, proposed in and based on the compensation of the so-called Resonance Driving Terms. The idea is to minimize all the RDTs driven by the BBLR interactions by computing two equivalent kicks per IP, to be compensated locally by the wires. This approach showed very good results in terms of dynamic aperture. Even if the original proposal suggests precise wire settings, the DA studies showed that it was possible to adapt these settings to the technical constraints of the LHC, while maintaining a satisfactory DA improvement. This approach is the one chosen for the choice of the wire compensators settings in the LHC, adapting it to the constraints in terms of longitudinal and transverse positions, as well as wire currents.

Finally, it is worth noting that a last approach was recently proposed by D. Kaltchev [ ]. This approach is similar to the one of S. Fartoukh and proposed to compute the Fourier coe cients of the BBLR Hamiltonian with the use of special Bessel functions. The same work is done with the wires, and, assuming a locality of the compensation, settings are determined.

C BBLR I U DC W LHC

The wire demonstrators used in the LHC have been installed during two di erent winter technical stops. A rst set of wire collimators have been installed in the Interaction Region during the -winter technical stop. In , a rst year of experiments took place in order to commission and test these demonstrators in the LHC. The results obtained during this rst part of the experimental campaign are reported in [ , ]. During the winter technical stop, another set of wire collimators have been installed in the LHC, in the Interaction Region . Di erently from the experiments carried out in other machines as described in the Introduction, the LHC wire compensators are the rst to be installed close to the BBLR interactions: the compensation is in phase with the perturbation. As discussed in Chapter , this allows to target Resonance Driving Terms in an almost perfect way and to choose the wire settings accordingly.

The experimental campaign following the wires installation was organized in two parts. The rst part consisted in a proof-of-concept, using a low intensity beam. This rst part of the experimental campaign is referred in the following as Low Intensity experiment. The second part of the experimental campaign consisted in testing the BBLR mitigation using DC wires with settings compatible with the nominal operation of the LHC. In the following, this part of the campaign is referred as High Intensity experiment. In this Chapter, we report the preparation and the results of these experiments, together with the corresponding tracking studies. Detailed experimental results are also reported in [ , ].

L I E P C E P P R W S
The goal of the rst part of the experimental campaign was to demonstrate the possibility of compensating the BBLR interactions using DC wires. From Eq. . , one gets the dependency of the wire strength on its transverse distance from the beam. During the Low Intensity experiment, it was requested to move the wire collimators jaws closer to the beam, at . σ coll , so that the wires e ective strength is increased. The corresponding physical beam-wire distances are given in Figure . and reported in Table . .

Wire Beam-Wire Distance [mm] Current

[A] L -. R . L -. R .
Table . : Wire settings during the Low Intensity experiment. The beam-wire distance is algebraic and given with respect to the Beam reference system.

This setting is not operational and it was therefore required to lower the intensity of the beam to be compensated, namely Beam , in order to satisfy machine protection requirements. The total beam intensity limit imposed by those requirements is 3 • 10 11 protons. Consequently, it was decided to use the simplest lling scheme providing the required collision schedule and only two bunches (with respective intensities of about 1.2 • 10 11 p) were used for Beam while Beam could be composed of several trains. Figure . shows the lling scheme used for the Low Intensity experiment, where the LHC Fill is taken as an example. The list of the LHC lls used for the BBLR compensation experiments is reported in Appendix B. Using this lling scheme, the rst bunch of Beam encounters only one partner bunch from Beam (HO collision at the IP / ). In the following, this bunch will be denoted HO bunch. The second bunch collides HO at the IP as well but, additionally, experiences some BBLR interactions. In the following, it is denoted HO+BBLR bunch.

The wire currents are chosen such as the ( , )-( , ) RDTs are compensated, as detailed in Chapter . For the Low Intensity experiment, these currents are reported in Table . . They are within the A limit of the wires power supplies and the -jaw powering con guration was therefore used.

C L E W

As discussed in the Introduction, in the (HL)-LHC, the linear e ects of the BBLR interactions, averaged along the di erent bunches of the beam, are taken into account and corrected for the overall optimization during machine operation. The wire compensation thus only has to address the non-linear e ect due to the BBLR interactions. Moreover, we saw in Chapter , and especially in Figure . , that the wire compensators cannot address the lower order RDTs induced by the BBLR interactions. The wires linear e ects have then to be compensated.

The LHC closed orbit feedback [ ] is routinely active during the operation of the machine at top energy. The role of the closed orbit feedback is to monitor closed orbit distortions and to correct them. It is therefore assumed to compensate the wire dipolar e ect if the -jaw powering con guration is used. This assumption has been veri ed experimentally [ ]. However, the LHC tune feedback [ ] is not active while the beams are colliding. The expected horizontal and vertical tune shifts ∆Q x,y induced by the wires in the Low Intensity experiment are reported in Table . .

It is therefore needed to implement a dedicated tune feed-forward to compensate the tune shift induced by the wires. It is, in fact, known that tune variations of the order of -3 can in uence signi cantly the dynamic aperture of the machine, and therefore, the beam lifetime [ ]. As we saw in the Introduction, the beam lifetime is an important

Wire ∆Q x [ -3 ] ∆Q y [ -3 ] L . -. R . -. L -. . R
-. . gure for optimizing the integrated luminosity and the performance of the machine. Losses of beam lifetime shall thus be avoided.

In order to avoid the propagation of a β-beating wave along the machine, the feed-forward of the tunes is implemented using the nearby quadrupoles for each wires, named Q and Q , such as we have, for each wire:

∆Q x,w = -∆Q x,Q4 -∆Q x,Q5 ∆Q y,w = -∆Q y,Q4 -∆Q y,Q5 , ( . a) ( . b)
where ∆Q x,y represent the horizontal or vertical tune shift induced by the wires (subscript w) and by the nearby quadrupoles Q or Q . Those quantities can be expressed as [ ]:

∆Q xy,w = ∓ µ 0 (IL) w 8π 2 Bρ β w x,y d 2 w cos(2φ w ) ∆Q xy,Qi = ± β Qi x,y (∆KL) Qi 4π , ( . 
)
where Bρ is the beam rigidity, d w = x 2 w + y 2 w is the beam-wire distance, φ w gives the position of the wire in the (x, y) plane (assuming a correct alignment of the wires, φ w = 0, π or ±π/2) and (∆KL) Qi is the variation of the integrated strength of the quadrupole Qi as de ned in the MAD-X code .

As discussed in the Introduction, in the (HL)-LHC, the luminosity is leveled by reducing the β * along the ll. Taking advantage of the use of ATS optics (see Section . . ), the feed-forward system implemented for a given β * does not have to be changed in case of a further ATS squeeze down to lower β * values as the product between β * and the β-functions at any point of the considered IR in between the two Q quadrupoles remains almost constant:

β * i β(s) ∼ Cst, ∀s ∈ [Q5.Li, Q5.Ri], ( . ) 
where i = 1, 5 is the IR number. Since the wires and the feed-forward system are well within these limits, the dynamic of the problem does not change in case of a telescopic β * -leveling. The set of Eqs. . can be applied to each wire installed in the machine and its nearby Q / quadrupoles. Assuming that we can pro t from each wire independently, we can express the linear relation between the variation of the integrated strength (∆KL) Qi of each quadrupole and the wire settings ((IL) w , d w ). We have for each wire:

(∆KL) Q4 = α Q4 • (IL) w d 2 w (∆KL) Q5 = α Q5 • (IL) w d 2 w .
( . )

In MAD-X, the strength is normalized by the beam rigidity.

In the perturbative approximation, one can solve analytically this system and obtain the α coe cients:

α Q4 = µ 0 2πBρ β w x β Q5 y -β w y β Q5 x β Q4 x β Q5 y -β Q5 x β Q4 y α Q5 = µ 0 2πBρ β w y β Q4 x -β w x β Q4 x β Q4 x β Q5 y -β Q5 x β Q4 y .
( . )

These coe cients can also be retrieved using MAD-X and the corresponding feed-forward system is presented on Figure . . The solid lines represent the analytical computation while the dots give the numerical results obtained with MAD-X. The slight discrepancy is due to the resulting β-beating that can be quanti ed using MAD-X. Implementing this feed-forward, one can thus see that the nal obtained tune shift (compared to the desired value) is not zero, as illustrated in Figure . .

A maximum residual tune shift of the order of -5 is observed, which is acceptable for our purposes. The β-beating induced by the wires and their feed-forward is illustrated in Figure . . The induced β-beating stays below the % level all along the machine, which is negligible in comparison to the β-beating induced by the beam-beam e ects as it can reach up to %.

B

The alignment of the wires relies on the alignment of the collimators they are housed in. The alignement of the jaw with the beam is done with the nominal operation settings. However, the th -axis alignment is not operational and has to be carried out as a misalignment of a wire would result in a modi cation of the required magnetic eld (see Eq. . ).

Di erently from the jaw alignment, the th -axis alignement requires a scan of its position. The BPMs embedded in the collimators give the absolute position of the beam in between the jaws, but there is not an equivalent BPM for the th -axis. To proceed with this alignment one can monitor the signal of those BPMs while moving the jaws of the collimator. If the th -axis is misaligned, the signal recorded by the BPMs becomes weaker. The intensity of this signal is linear with the beam intensity (a normalization of the signal by the beam intensity might therefore be needed) while the misalignment is a second order e ect with respect to the jaw position. Thus for small variations around the 0 50 100 150 200 250 300 350 x, y / x, y [%] IP1 IP5

I w [A] 2 0 2 4 Q x, y [10 5 ] Q x Q y
x -beat.

x -beat. aligned position, the BPM reading as a function of the th -axis position is expected to be a parabola whose maximum corresponds to the position of the motors that aligns the collimator -and the wire -to the beam.

The alignment of the wires has to be carried out before starting powering the wires for the compensation experiment. In the rst part of the Low Intensity experiment, an issue was encountered with one of them in terms of alignment and the example in shown in Figure . . Figure . shows the reading of each pick-up (PU) of the BPMs as a function of the th -axis position in this particular example. The th -axis of the collimator installed on the right side of the IP was blocked by the vacuum chamber of the opposite beam since the th -axis direction of the collimators installed around IP is horizontal. While moving its motor and recording the BPM signal it was then impossible to reach the maximum of the parabola. An intervention in the tunnel was therefore required and took place during a technical stop. The th -axis misalignment was almost fully recovered. However, this example showed that the use of bulky collimator jaws to house a wire might not be ideal in the future since their motion can be limited. Moreover, this illustrates the importance of having local beam diagnosis for a precise and fast wire alignment.

Finally, Figure . raises the question of a need for an additional axis. The th -axis is responsible for the motion of the overall tank, without any upstream/downstream distinction. As a result, the maxima of the two parabolas are not the same. However, this di erence is below the mm order and averaging the two values is generally enough for our purposes.

O

In an ideal collider, the main mechanism responsible for the beam losses during the collision is the luminosity burn-o : particles are lost while producing head-on collisions at the interaction point. Considering one IP, the burn-o decay time constant is given by [ ]:

τ b0 = N 0 L 0 σ tot , ( . 
)
where N 0 and L 0 are the initial bunch intensity and luminosity, respectively, and σ tot is the total proton-proton e ective cross-section, de ned, for an ideal collider, as:
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σ tot = σ inel + σ el . ( . )
σ el and σ inel are the elastic and inelastic cross-section respectively. At . TeV, σ el ∼ mb and σ inel ∼ mb [ , ]. In the LHC, due to the small beam sizes at the IP, only the inelastic part of the proton-proton collisions is expected to contribute to the luminosity losses, the second part being mostly responsible for the emittance blow-up. The intensity decay of the considered proton beam can then be expressed, in the case of an ideal collider, as:

N (t) = N 0 1 + t/τ bo . ( . )
However, in a real machine, beam losses can be caused by di erent mechanisms, other than the luminosity production. BBLR interactions, electron cloud e ects or beam-gas interactions are some example of possible direct or indirect causes of beam losses.

In the LHC, beam losses can be quanti ed by the use of the Beam Losses Monitors (BLM) [ ]. These devices give both a spatial and a time resolution of the beam losses. Depending on their bandwidth, one can distinguish between ionization chamber BLMs [ ] which are slow devices and give the losses averaged along the bunches, and diamond BLMs (dBLM) [ ], faster, and giving the losses with a bunch-by-bunch resolution. Another way to measure the beam losses integrated along the full machine is to monitor the beam intensity's evolution. This can be done using the Beam Current Transformers (BCT) [ ] or the Fast BCT (FBCT) [ ], which provide a bunch-by-bunch intensity evolution. By di erentiating in time the FBCT signal, one can obtain directly the beam intensity loss rate dN/dt while the use of BLMs requires a non-trivial calibration [ ].

In order to disentangle the luminosity losses from the loss rate of all other sources, one can normalize the loss rate dN/dt to the luminosity L n measured in detector n to obtain the so-called e ective cross-section [ ], denoted σ ef f . As for the physical cross-section, it has the dimension of a surface and can be de ned as:

σ ef f = 1 n∈IP L n dN dt , ( . ) 
which can be measured bunch-by-bunch, using the FBCT and the bunch-by-bunch luminosity data provided by the experiments. This observable can be de ned only in collisions, with a non-zero luminosity. The drawback of this observable lies on the fact that it requires a di erentiation of the FBCT data. This can yield a noisy signal and calls for integration periods of several minutes.

Figure . shows then the objective for the BBLR compensation experiment in terms of e ective cross section. In the case of an ideal collider, the e ective cross-section is equal to the cross-section of the proton-proton inelastic collisions. However, in presence of other beam losses processes, the beam lifetime decreases, and therefore the e ective cross-section increases. This allows us to de ne a burn-o e ciency, de ned as the ratio between the physical and the e ective cross-sections, as illustrated in Figure . . If the e ective cross-section is ∼ mb, the beam losses are due exclusively to the luminosity burn-o and the corresponding e ciency reaches %. However, if the e ective cross-section increases due to additional losses, the e ciency is reduced. As shown in Figure . , a cross-section of mb corresponds in fact to a burn-o e ciency of %. The objective of the experiments consists in comparing the e ective cross-section of two bunches with two di erent collision schedules: one bunch encountering a partner bunch via a HO collision only (denoted HO bunch in Figure . ) and one bunch encountering additional partner bunches through BBLR interactions (denoted HO+BBLR bunch in Figure . ).

The experiments start in a burn-o dominated regime where the e ect of the BBLR interactions is negligible. At this stage, the e ective cross-section of the two bunches are the same and equal to ∼ mb. The e ect of BBLR interactions is thus enhanced by reducing the crossing-angle or by increasing the transverse beam size by a controlled transverse emittance blow-up [ ]. Only an e ect on the e ective cross-section of the bunch experiencing the BBLR interactions should be observed under the form of a losses spike followed by a transient. Two di usion mechanisms are at the origin of this phenomena. The rst one consists in interactions between the opposite beam and the high amplitude particles (halo) of the considered one. The BBLR interactions act like a slow beam scraper, inducing losses at rst. After some time, as the halo is fully depopulated, the losses decrease and the e ective cross-section would return to the mb level. However, and as we will see later on with the experimental results, the equilibrium reached after the transient is not mb but a higher value. This indicates a second mechanism in which the BBLR interactions induce a di usion of the low amplitude particles (core). In this case, the particles di use from the core to the halo before being lost. As the core concentrates most of the beam intensity, this explains why the transient does not end at the mb level. Even if these mechanisms are well understood, they are still di cult to quantify and predict.

Once the BBLR interactions signature is identi ed, the wires are turned on. If the proof-of-concept is valid, the e ective cross-section of the bunch experiencing the BBLR interactions is expected to return to the burn-o level, successfully demonstrating the possibility of mitigating BBLR interactions e ects using DC wires.

R O

Using the settings reported in Table . , the Low Intensity experiment was carried out following the previously described procedure. The polarity of the wires was checked, together with their correct alignment with the beam. The starting point in collisions was chosen at a crossing angle of µrad (corresponding to a normalized crossing angle of about . σ) and a β * of cm. Figure . gives an overview of the Low Intensity experiment, in terms of beam intensities, energy, half crossing angle (bottom plot, black solid line) and Landau octupoles current (bottom plot, orange and blue solid lines).

In order to identify the BBLR interactions signature, the transverse beam size of Beam was increased by a controlled transverse emittance blow-up. A spike of beam losses was observed on the HO+BBLR indicating that the BBLR interactions have been enhanced. The wire compensators were thus turned on and o repeatedly in cycles, and the results are reported in Figure . . The top plot in Figure . shows the evolution of the e ective cross-section for both the HO and HO+BBLR bunches (blue and orange solid lines respectively). The spike observed around : corresponds to the transverse emittance blow-up. The HO bunch also experienced a spike of a smaller amplitude. By powering on and o the wires, the losses of the HO+BBLR bunch reduced and increased respectively, showing, with a crossing angle of µrad, a possible mitigation of the BBLR interactions with the wires. At around : , the crossing angle was reduced down to µrad ( . σ), with the wires on, enhancing again the BBLR interactions. Nevertheless, no spike of losses was observed for the HO+BBLR bunch, showing that even with a reduced crossing angle, the wire compensators could still be e ective. The crossing angle was nally decreased further down to µrad ( . σ). A slight increase of losses was observed for the HO+BBLR bunch but the e ective cross-section remained closed to the burn-o limit. Eventually, some on and o cycles with the wires were performed in order to demonstrate the reproducibility of the observations, even in a more aggressive con guration with a lower crossing angle. At around : , data was partially lost due to an issue with the CMS data logging system.

The Low Intensity experiment was therefore very conclusive, showing a clear e ect of the wire compensators on the BBLR interactions. It has been observed that the BBLR-induced losses could be reduced or cancelled by powering the wires, without any negative impact on the bunch experiencing no or less BBLR interactions.

N V R

In parallel to this experiment, tracking simulations have also been carried out in order to benchmark the numerical setup, both in MAD-X and SixTrack. Although the wires are installed on Beam in the LHC, only Beam can be tracked in SixTrack at the time of writing. All the results and numerical computations are adapted to Beam using the symmetries between the two beams presented in the Introduction. It is especially worth mentioning the inversion left/right in the naming of the wires. The wire R installed on Beam corresponds therefore to the wire L in the tracking simulations.

In Figure . one can see the DA in the con guration space for the two cases, with and without wires. The wires settings are the ones used in the Low Intensity experiment. In terms of minimum dynamic aperture, an improvement of . σ by using the wires is observed. This result agrees qualitatively with the improvement observed experimentally in terms of beam losses. The transverse position of the wires with respect to the beam is shown in Figure . by triangular markers. The DA is mostly improved in the vertical plane (improvement of about σ), while almost no improvement is observed in the horizontal plane. Without the wires, the DA is not symmetric and is higher in the horizontal plane (about σ) than in the vertical (aboutσ). This asymmetry could explain the di erence of improvement in the two planes.

In Figure . one can see the tune footprint for the two cases with (in red) and without (in blue) wires, still using the Low Intensity experiment con guration. One can observe an e cient compression of the tune footprint (the red footprint looks like a footprint with HO collisions only) thanks to the use of the wires. The most important part of this improvement is the fact that some particles are moving away from the diagonal which is an important resonance. This study shows again a good agreement with the DA studies and the experimental data.

As done experimentally, one can repeat the study varying the crossing angle. In that respect, Figure . shows the evolution of the DA as a function of the half crossing angle and the bunch population.

In Figure . a, we show the evolution of the DA as a function of the half crossing angle and the bunch population in the case without the wire compensation. One can see that for a bunch intensity of about . or . •10 11 p, a reduction of crossing angle below µrad yields a reduction of DA below the σ limit. In particular, a crossing angle of µrad is reachable only for very low bunch intensities. Nevertheless, turning on the wire compensation as shown in Figure . b improves the situation in terms of DA. For the same bunch intensities -which are the ones used in the Low Intensity experiment -a reduction of the crossing angle down to µrad is now possible without reducing the DA below the σ limit. This numerical result is consistent with the experimental observations as the crossing angle was in fact reduced down to this value without observing signi cant additional beam losses. The mitigation of the BBLR interactions using DC wires is therefore also observed in DA studies.

Moreover one can study the impact of the tunes on the DA. It is in fact known that the dynamic aperture, and the beam lifetime, are sensitive to the choice of the working point [ , ]. Consequently, during the nominal LHC operation in Run , the tunes were moved from the nominal working point ( . , . ) to an optimal working point ( . , . ). Figure . shows the impact of the choice of the working point on the DA, with or without the wires. The absolute minimum DA is displayed, going from lower values in red to higher values in blue. The nominal and optimal working points are illustrated by a red and green star respectively. The black dashed line represent the diagonal Q x = Q y . Finally the green solid lines represent iso-DA lines. One can observe that the region where the DA is acceptable without the wires -that is a DA greater than σ -is quite narrow and close to the diagonal. Moreover all the tune values below the diagonal are not acceptable: the bunches are injected in the LHC with tunes above the diagonal and it is then impossible to cross it later on. The use of the wires signi cantly enlarges the tune space where the DA is acceptable, not only towards the diagonal but also towards the third integer resonance (Q y = 0.33). The consequence is that a particle with a tune di erent from the nominal working point due -for instance -to a enhanced tune spread from non-linear e ects, can still be accommodated in the region with a DA greater than σ.

Finally, even if this parameter was not modi ed during the Low Intensity experiment, we study the impact of the Landau octupoles current, together with the wires current, on the DA. Figure . shows the impact of the octupoles and the wires currents on the DA. The reference point DA 0 corresponds to the case where both the wires and the octupoles are turned o . The wires currents are given relatively to their nominal values I w0 (see Table . ) chosen during the Low Intensity experiment. The black star shows the operational LHC con guration in (no wire compensators, and octupoles powered at + A) while the red one shows the Low Intensity (LI) experiment settings (wires powered at their nominal current I w0 and octupoles powered at + A). The choice for the value of the Landau octupoles current during the Low Intensity experiment was motivated by two main points. Firstly, in order to disentangle the e ect of the wires and the one of the octupoles, it was decided to reduce the octupoles current. Secondly it was observed that setting the octupoles current to A could lead to beam instabilities. A trade-o was therefore made. In Figure . one can see an improvement of DA using only the octupoles and setting them to a negative polarity. This e ect can be further enhanced by powering the wires. The region with the best DA values (up to σ improvement) is highlighted with the green rectangle. Negative octupoles could therefore contribute to the BBLR compensation, lowering the required wire currents. Mitigating the BBLR interactions using only the Landau octupoles in the LHC, with di erent optics con gurations, has also been done experimentally, and the results are reported later on, in Chapter .

The positive experimental results, together with the numerical benchmark motivated the High Intensity experiment, moving towards beam conditions compatible with the nominal operation con guration. The preparation of the High Intensity experiment, its results and the corresponding numerical benchmark are reported in Section . .

BBLR M H I B

After having achieved the proof-of-concept, it was decided to carry out a new set of experiments, using settings closer to the ones used in the nominal operation of the LHC. This Section recalls these settings and their implications, and describes the preparation of the experiment together with the obtained results. As in the case of the Low Intensity experiment, the approach is supported by tracking simulations whose results are reported in Section . . .

E P P R W S

Compared to the Low Intensity experiment, the goal of this new experiment was to demonstrate the possibility to mitigate the BBLR interactions in a nominal con guration. During the nominal LHC operation, the tertiary collimator jaws are opened at . σ coll . The corresponding physical beam-wire distances are reported in Table . .

Wire Beam-Wire Distance [mm] Current

[A] R . x R . x
Table . : Wire settings during the High Intensity experiment. The mention "x " indicates that the -jaw powering con guration is used.

With such collimator settings, it was possible, from a machine protection point of view, to use a higher intensity for Beam , injecting several trains of bunches as for Beam .

Only three out of the four wire collimators are operational. The collimator L is, in fact, not a tertiary collimator. During the nominal operation of the LHC, its jaws have to sit at a normalized distance larger than σ coll . It was decided not to use it as the expected e ect of wires located at such distance is weak. The L wire collimator is a tertiary collimator and is therefore operational. However, in order to maintain the symmetry between the two IPs, it was decided not to use the corresponding wires.

Figure . shows the lling scheme used for the High Intensity experiment, where the LHC Fill is taken as an example (see Appendix B for the complete list of lls considered for this experiment). Using this lling scheme, the two beams are the same and composed of several trains. As discussed in Section . . , such a lling scheme yields a variety of beam-beam collision schedules, although collisions occur only in IP and IP . Bunches at the extremity of a train are expected to experience less beam losses due to BBLR interactions than the bunches located in the center of the train.

The choice of the wire currents follows again the rationale described in Chapter in order to compensate the ( , )-( , ) RDTs. As one can see in Figure . , with the collimators opened at . σ coll , the required wire currents are not within the hardware limit of A. Consequently the -jaws powering con guration was used and all the wires were powered with the maximum allowed current, as reported in Table . .

F

As in the case of the Low Intensity experiment, it was necessary to compensate the linear e ects induced by the wires. Assuming a correct alignment of the two wires housed in one collimator, the overall dipolar components of the wires cancels out. The remaining possible e ect due to a small alignment error is assumed to be corrected by the LHC orbit feedback system. However, the quadrupolar contribution of the wires is doubled and must be compensated. The expected tune shifts from the wires in the High Intensity experiment are reported in Table . .

Wire ∆Q x [ -3 ] ∆Q y [ -3 ] R .
-. R -. . During the High Intensity experiment, the same feed-forward system using the Q and Q quadrupoles was used. As both the wires present in a wire collimator are used, the analytical formulas expressed in Chapter are still valid but a factor two must be considered. Figure . shows the implementation of the tunes feed-forward for the High Intensity experiment. Using this tune feed-forward, the residual tune shifts are -at a level of -5 -negligible for our purposes, as shown in Figure . . Finally, Figure . shows the β-beating induced by the wire compensation and its feed-forward system in the case of the High Intensity experiment. The β-beating, although slightly increased compared to the Low Intensity experiment (see Figure . ), is still under control and negligible in comparison to the beam-beam induced β-beating.

In terms of wire collimators alignment, the procedure remains the same as the one of the Low Intensity experiment, as described in Chapter .

O

During the Low Intensity experiment, the main observable was the bunch-by-bunch e ective cross-section. However, in the case of the High Intensity experiment, the bene cial e ect of the wires is reduced as they are located further away from the beam. It was therefore decided to monitor directly the signal coming from the BLMs and to compare Beam (which has the wire compensators) to Beam . Nevertheless, the procedure of the experiment remains the same. The BBLR signature is identi ed by observing the losses of Beam and enhanced by a controlled emittance blow-up and a reduction of the crossing angle. By powering the wires on and o , it is expected to see a decrease or increase respectively of the beam losses on B while B remains una ected by the wires.

R O

V From a machine protection point view, the use of non operational devices requires a validation at both injection and at-top energies. The validation consists in powering the wires --jaws powering con guration -rst with a low intensity beam at injection energy. This setup allows to observe the wires e ect on the tunes to check the polarity of the wires at injection energy and the correct implementation of the feed-forward system at at-top energy.

At rst, only one individual bunch was injected per beam. The individual bunch injected as B was used to check the polarity of the wires. To do so, all the wires -even though only two were used later -were powered, using the -jaw powering con guration and the betatron tunes were monitored, as shown in Figure . for the example of the Wire R . As expected from the analytical formulas, the horizontal tune shift induced by the wires in IR is positive and the one induced by the wires in IR negative. The opposite is also true for the vertical tune shift. This check con rms that the cabling of the wires is correct and that the chosen polarity corresponds, in fact, to a compensation mode.

The other bunches were then injected according to the same lling scheme chosen for the Low Intensity experiment. Beam was composed of several trains while Beam was composed of two bunches only. The energy was thus ramped up to the nominal . TeV in order to check the feed-forward system. The latter is in fact energy and optics dependent and could not be checked at injection energy. Figure . shows the evolution of the currents in the Q and Q quadrupoles together with the wire currents in time. Each quadrupole reacts to the powering of the corresponding wire as expected and the tunes are presented in Figure . . The tune measurement was done without exciting the beam and is, consequently, noisy. However, we can see that the powering of the wires does not a ect the horizontal and vertical tunes. The two beams were then dumped and the machine was set up to get ready for a new injection.

E BBLR

An overview of the High Intensity experiment is given in Figure . . It is worth noting that unlike the Low Intensity experiment that was carried out using chromaticities of (in order to avoid instabilities encountered in the rst ll), the High Intensity experiment was carried out with chromaticities of (nominal operation settings at that time). The starting crossing angle for the collision was µrad ( . σ) with a β * of cm. Once the BBLR interactions signature was identi ed, the wires were powered on and o repeatedly in cycles. Figure . shows the results of the High Intensity experiment in terms of beam losses.

The top plot shows the evolution of the BLM losses from B (blue dots) and B (red dots), together with the current of the Landau octupoles (black solid line). On this top plot one can also see the evolution of the crossing angle on the top background coloring while the bottom background coloring represents the ON (green) and OFF (red) cycles of the wires. On the bottom plot, one can see the intensity evolution for B (in blue) and B (in red), together with the currents circulating in the wire R (green) and the wire R (purple). As in the Low Intensity experiment, the crossing angle was progressively reduced during the ll, from µrad down to µrad. At : , the wires were turned o and a spike of losses was immediately observed on B . When powering back the wires, the losses decreased to reach the same level as B , showing that with a crossing angle of µrad the wire compensators were e cient. As during the Low Intensity experiment, the crossing angle was reduced with the wires on. On every step, one can observe a slight spike of losses on B . Nevertheless this spike is smaller than the one observed on B , bringing an evidence of the e ciency of the wire compensators with a con guration compatible with the nominal operating LHC. BBLR interactions mitigation using wires could reduce the beam losses by about %.

Moreover, another parameter was adjusted during the experiment: the current of the Landau octupoles present all along the machine was modi ed in order to invert their polarity. With this particular optics (low telescopic index of . ), no clear evidence of a possible BBLR interactions mitigation using the octupoles could be highlighted. However, other experiments using di erent optics have shown that the polarity of the Landau octupoles can indeed in uence the BBLR detrimental e ect and the corresponding results are reported in Chapter .

Finally one can also look at the signal provided by the diamond BLMs as those devices provide bunch-by-bunch losses. Figure . shows the evolution of bunch-by-bunch losses in time, together with the wire currents. The background of the plot is colored to show the evolution of the crossing angle and the on/o cycle of the wires. Only the losses from the rst train are represented ( bunches). The color corresponds to the position of the bunch within the train: from red for the rst bunch of the train, to blue for the last.

The beam losses pattern is quite similar to the one observed on the BLMs: a spike of losses appears when the wires are turned o and can be partially recovered when powering the wires on. Nonetheless, one can extract an additional information from the diamond BLMs: a pattern in the beam losses with respect to the bunch position within the train is observed. Figure . illustrates that the rst bunch of the train always loses less than the last. This cannot be identi ed as a signature of the BBLR interactions as in that case the central bunch would be the one losing the most. Most likely, this pattern is related to the interplay with electron cloud e ects. It is, in fact, known that the LHC is currently dominated by such e ects [ , ]. The wires still reduce the losses by extending the available tune space, therefore increasing the margins to accommodate extra non-linear e ects such as electron cloud. This is con rmed by tracking simulations, whose results are reported in the next Section.

N V

As in the case of the Low Intensity experiment, tracking simulations have been carried out in order to validate the bene cial e ect of the wire compensators observed during the experiment. In Figure . one can see the DA in the con guration parameter space for the cases with and without wires. The wires settings are the ones used in the High Intensity experiment. In the following, the Landau octupoles current is set to A, unless speci ed otherwise.

During the experiment, this was not the case, as octupoles are needed in order to provide beam stability. However, in the tracking simulations, we want to disentangle the e ects of the wires from the ones of the octupoles. An improvement of . σ in terms of minimum DA is observed, which is reduced compared to the Low Intensity experiment. This result agrees qualitatively with the improvement observed in the experiment (reduction of the beam losses). The transverse position of the wires with respect to the beam is shown in Figure . with the use of triangular markers. It is worth noting that, in terms of normalized distance, the jaws are in fact located at . σ coll while the wires sit at distances larger than σ. The additional mm due to the in-jaw con guration of the wires adds a signi cant beam-wire distance. As in the Low Intensity experiment case, an asymmetry is observed between the two planes: most of the DA improvement is observed in the vertical plane (above the • line).

In Figure . one can see the tune footprint for the two cases with (in red) and without (in green) wires, still using the High Intensity experiment con guration. The footprint compression is less evident than in the Low Intensity experiment case. We observe that the particles are moving away from the diagonal, as well as from the rd integer resonance (Q y = . ). This is in agreement with the reduction of the beam losses observed experimentally.

As in the case of the Low Intensity experiment, the crossing angle was also reduced during the High Intensity one. Nevertheless, the improvement of the DA from the wire compensators can be see in Figure . b. One can, in fact, see that the area with a DA greater than σ is slightly enlarged, allowing for crossing angle down to µrad for intensities above •10 11 protons per bunch. This numerical result is consistent with the experimental observation. Beam -which was not equipped with wire compensators -shows larger beam losses than Beam . Once again, the e ciency of the BBLR mitigation using DC wires is con rmed by the tracking simulations.

Tune scans were also performed numerically. Figure . shows the same tune scan with and without the wire compensators.

As observed in the previous chapter, the tune scan without wires shows that the acceptable area in terms of DA is narrow and centered around the optimal tunes working point. The use of the wires enlarges this acceptable area, although the e ect is marginal compared to the Low Experiment case. Nevertheless, small tune variations around the working point can be accommodated without any beam lifetime deterioration. However, one cannot conclude on the possibility to accommodate additional non linear e ects as mentioned in the previous Section. Finally one can study the optimal wire currents, varying the Landau octupoles currents. Figure . shows the variation of DA as a function of the octupoles currents and the wires currents, given in terms of fraction of the nominal ones. The reference DA, DA 0 , corresponds to the case where both the wires and the octupoles are turned o . The black star shows the nominal operational con guration during the LHC Run while the red one shows the con guration adopted during the High Intensity experiment. During the latter, the octupoles were set to a higher value than in the Low Intensity experiment in order to use settings more compatible with the nominal LHC operational con guration. With the wires o , one can see from Figure . that reverting the polarity of the octupoles improves the DA. The improvement is then enhanced by the use of the wires, reaching increases of more than σ in the area shown in the green box.

As an example one can consider a Landau octupoles current of -

A and set the wires current to their nominal values (I w /I w0 = ). From Figure . one can observe a DA improvement of about . σ. The resulting tune footprint is shown on Figure . . Once again, the footprint compression is clear and validates qualitatively the DA gain. The footprint compression is slightly improved, compared to the Figure . , by the use of negative octupoles. Compensating the linear detuning with amplitude instead of the RDTs could therefore be a possible option for the dimensioning of future devices, in case the technical constrains are such as the RDT compensation is not possible. It is worth noting that by targeting the detuning, the necessity for a local compensation does not hold anymore and the longitudinal positioning of the wires can therefore be relaxed (one could for instance consider installing the wires in the collimation IRs such as IR or IR ). However, no studies have been led in this direction yet. 

C

This Chapter reported the experimental and numerical results of the BBLR compensation using DC wires in the LHC. In Section . , we presented the procedure of the Low Intensity experiment, together with the obtained results.

During this experiment, it has been shown that DC wires can mitigate the BBLR interactions. The wire currents were set such as they compensate the octupolar resonances, namely the ( , ) and ( , ) RDTs. Using a low intensity beam, we were allowed from a machine protection point of view to reduce the transverse beam-wire distance and hence, enhance the e ect of the compensators. During the experiment, the wires were powered on and o repeatedly, and the crossing angle was reduced in steps from down to µrad. Despite the stronger BBLR interactions in the latter case, the wire compensators showed a clear bene cial impact.

These experimental results were systemically supported by tracking simulations. The impact of several parameters on the dynamic aperture of the LHC was studied. At rst, the bene cial e ect of the wires in the Low Intensity experiment was validated in terms of DA in the con guration space. Secondly, a slight compression of the tune footprint using the wires was also observed. Finally, the impact of the bunch population, the crossing angle and the Landau octupoles current was also studied, always showing the bene cial e ect of the wire compensators.

These positive results motivated another set of experiments using settings compatible with the nominal operation of the LHC. The High Intensity experiment con rmed the good results obtained during the Low Intensity one. It was in fact shown that the BBLR interactions e ect can be mitigated even with higher intensity beams and -therefore -larger beam-wire distances. These results are important for the operation of the LHC in the next Run , and for the HL-LHC era. Following these results, the wire compensators will no longer be considered as demonstrators but as operational devices. Consequently, it is foreseen to operate the LHC with the wires compensators in the next LHC Run . The two unused wire collimators (L , L ) are currently being removed from Beam and are planned to be installed on Beam in order to operate with the two beams in the same con guration. The preparation of the next LHC Run , through tracking simulation, is described in Chapter .

Finally, we observed in this Chapter the role of the octupoles for the BBLR compensation. No clear evidence was shown in the experiments with such a low telescopic index. However, other experiments have been carried out using higher tele-indexes and the mitigation of the BBLR interactions using the Landau octupoles was studied. The results of these studies are reported in the next Chapter .

M BBLR L O LHC

In the previous Chapters, we showed the importance on the beam performance of the octupolar component of the beam-beam interactions. It is, in fact, the rst high order component that is not compensated or self-compensated, in the LHC. As a matter a fact, the wire compensators settings were chosen such as they could compensate the octupolar RDTs, proving to be of great e ciency both in the experiments and in numerical simulations. In the case of the High Intensity experiment, where the currents and beam-wire distances requirements could not be met, we showed through the study of tune footprints, that the compensation of the linear detuning with amplitudedirectly linked to the octupolar component of the beam-beam eld -could reduce the beam losses. This raises the question of the possibility of mitigating the BBLR interactions only with the use of the Landau octupoles present in the machine.

In this Chapter we intend to answer such a question question through a set of experiments. In the rst Section, we describe in more detail the new optics scheme developed in view of the HL-LHC era and on which the BBLR mitigation using octupoles is based on: the Achromatic Telescopic Squeeze. After describing the two types of possible optics ( at or round) provided by such a scheme, we report the experimental results obtained for both cases.

T A T S B P

The ATS optics scheme has been described in the Introduction (see, Section . . ). We recall here its main features and develop its by-products. We consider rst the case of round optics, where β * x = β * y . As explained in the Introduction and in more detail in [ , ], the key principle of the ATS scheme is to rst pre-squeeze the beams using the conventional methods, trimming the matching quadrupoles of the considered IR. The second step consists in a so-called tele-squeeze. Reduced β * values are reached using the matching quadrupoles located in the nearby ATS sectors.

The key point for this Chapter is the fact that by trimming the matching quadrupoles in the ATS sectors, the β-beating waves propagating along the arcs will reach their peaks at the sextupoles or octupoles locations. The consequent increased sextupoles e ciency is used in order to correct the chromaticity induced by the IT. Additionally, we can take advantage of the increased octupoles e ciency to use them for the BBLR mitigation. Figure . shows the relative increase of the β-functions at the location of an octupole from an ATS sector as a function of the tele-index r T ele .

The horizontal β-function is increased by % by increasing the tele-index from to while the vertical by %. In this arbitrary example, the pre-squeeze is assumed to end with a β * equals to cm. The tune spread induced by an octupole depends on the square of the β-function at its location, as shown in Eqs. . [ ]: where O 3 is de ned from the multipolar expansion given in Eq. . as O 3 = C 3 /3!. The octupole used as an example in Figure . would therefore gain a factor in terms of horizontal tune spread, and a factor in the vertical plane, by tele-squeezing down to cm. This e ect is illustrated in Figure . . The two presented footprints show the tune spread induced only by the Landau octupoles in the machine, powered at A, at the end of the pre-squeeze (in blue) and at the end of the tele-squeeze (in red). One can clearly observe the increase of the tune spread by decreasing further down the β-functions at the IPs. We can compare this result to the footprint obtained from the BBLR interactions and presented in Figure . . Both tune footprints are similar in terms of spread. With such a feature, the octupoles become powerful enough to mitigate the BBLR interactions e ect, as we will see in the next Sections.

∆Q x = 3 8π Oct β 2 x O 3 Bρ ds J x - 3 8π Oct 2β x β y O 3 Bρ ds J y ∆Q y = 3 8π Oct β 2 x O 3 Bρ ds J y - 3 8π Oct 2β x β y O 3 Bρ ds J x , ( 
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This Section reports the experimental results obtained during the and Machine Development (MD) programs carried out in order to validate the use of the ATS scheme with high tele-index. The implementation of these experiments and the detailed results can be found in [ , ]. In the following, we assume round optics

(β * x = β * y )
O

The rst part of the ATS MD program was carried out in and aimed to answer several questions such as the suitability of the LHC arcs for the ATS optics in terms of eld quality and power supplies, the possibility to operate with negative octupoles (which is, at the time being, the foreseen baseline for HL-LHC) and the possibility to use those octupoles to mitigate the BBLR interactions. The second part of the MD program was carried out in and was a logical continuation of the experiments led in . The rst goal of this second part was to converge towards conditions similar to the next LHC Run in terms of beam brightness. Using this new machine con guration, it was attempted to inject several hundred of bunches, grouped in di erent types of trains. The rst type is the so-called BCMS (Batch Compression Merging and Splitting) [ ], which is the typical train con guration injected in the LHC, consisting in trains of several bunches all separated by ns. The second type of trains is called b e train [ ]. This type of trains has been developed to inject shorter trains in the LHC in order to minimize the heat load produced by electron cloud e ects, leading to beam instabilities [ ], beam losses and emittance blow-up [ ]. These trains consists in series of eight bunches followed by four empty buckets. Finally, the last goal of this experiment was also to validate the combination of the tele-squeeze during the ramp in order to reduce the duration of the squeezing process. The technicalities of this implementation can be found in the previously cited reports.

In Section . , we showed an example of high tele-index up to , using an optics squeezing the β * down to cm, which is not reachable in the LHC (aperture limitation). However, it is still possible to reach high tele-indexes by stopping the pre-squeeze at higher β * values. As an example, we can choose β * P re = m and tele-squeeze down to cm to obtain the same tele-index of . This feature is the one explored in the following sections, using a β * T ele ranging from cm to cm, starting from a β * P re ranging from to m, corresponding to a tele-index ranging from to .

As for the implementation of the Combined Ramp and Double Squeeze (CRDS), the details of the validation of the ATS scheme using pilot bunches [ ] or individual bunches , together with the corresponding optics corrections, collimation setup and beam losses maps can be found in [ , ].

BBLR

The rst set of ATS experiments was carried out during . After several lls with a single bunch to validate the new optics scheme, it was possible to inject trains, and to bring the beams into collisions. In this set of experiments, β * was reduced down from m at the end of the pre-squeeze to cm at the end of the tele-squeeze, giving a tele-index r T ele of . . Collisions occurred only in IP and IP . The results reported in this section concern two LHC lls, namely Fill and Fill , during which the mitigation of the BBLR interactions using the lattice octupoles was studied, together with the impact of the crossing angle.

Pilot bunches are low intensity bunches (typically with a bunch population of around 10 9 protons) injected rst in the machine in order to detect any possible anomaly. An individual bunch is a bunch with the nominal intensity, but injected individually (in opposition to a train injection).

During the rst ll ( ), nominal bunches per beam were injected and the corresponding scheme is displayed in Figure . . The beams were composed of a single, non colliding, individual bunch, reserved for tune monitoring, a rst train of bunches needed for machine validation before injecting the full lling scheme, two BCMS trains of bunches each and two b e trains of bunches each.

After the injection, the energy was ramped up to . TeV and the β * was tele-squeezed down to cm. The top plot shows the evolution of the beam intensities (blue and red solid lines for B and B respectively), together with their energy. The middle plot shows the variation of the Landau octupole current (blue and orange solid lines for B and B , respectively) together with the half crossing angle (black solid line). Finally, the bottom plot shows the evolution of the beam lifetime (burn-o corrected, which means that the luminosity losses are taken into account [ , ]) in hours, given in a logarithmic scale (blue and red solid lines for B and B respectively) together with the di erent beam modes as background coloring. The drop of lifetime observed at : corresponds to the moment the two beams were brought into collisions. The normalized emittances were measured before the start of the collisions. For B , the emittances of the BCMS bunches were of about µm.rad, while the b e bunches had an emittance of about . µm.rad, in both planes. For B , these values were reduced ( . µm.rad for the BCMS bunches, µm.rad for the b e bunches, in both planes). The major parameters of interest were the octupoles current and the half crossing angle. The collisions were reached with a positive current of A in the octupoles and a half crossing angle of µrad ( . σ). Several crossing angle and octupole scans took place in order to demonstrate that the beam lifetime was not a ected too much and stayed above the expected -h. The half crossing angle was then successfully reduced down to µrad ( . σ), value for which the octupole scans were carried out. The corresponding results are reported in The average bunch luminosity in both ATLAS and CMS was measured at about • 30 Hz/cm 2 . The luminosity and emittances values are important if one wants to compare the obtained e ective cross-section with the wire compensation experiments reported in Chapter . Figures . and . show the evolution of the e ective cross-section -as de ned in Chapter -for a collection of bunches, depending on their location within a BCMS train. Three families of bunches were identi ed. The central bunch, located at equal distance from both extremities of the train and experiencing the most BBLR interactions, the PACMAN bunches, located at the extremities of each train, and the intermediate bunches, located in between the PACMAN and the central bunches, therefore experiencing an intermediate number of BBLR interactions. With these de nitions, each of the two BCMS trains has one central bunch (red solid line), two PACMAN bunches (blue solid and dotted lines), and two intermediate ones (green solid and dotted lines). In order to improve the statistics, the two Figures display the average between two bunches having the same position within their respective train.

The rst striking observation is the di erence of behavior between the two beams. B seems in fact insensitive to the BBLR interactions, and therefore, their compensation. This can be explained by the fact that the emittances of the bunches of B were smaller during the Fill . It is also known that B lifetime is always better than the one of B in nominal operation, for a reason that is not yet understood.

Focusing on the clearer results of B , in Figure . , one can see that strong negative octupoles as set before the beginning of the scan, can bring the e ective cross-section of all the bunches almost to the burn-o level ( mb, see Chapter ). The half crossing angle is set to µrad ( . σ). Despite the reduced bunch intensity (less than 11 protons), this crossing angle is reduced enough to observe the impact of the BBLR interactions on the e ective cross-section. This shows that the negative octupoles seem to mitigate their e ect. This observation is con rmed by the following scans. Around : , the polarity of the octupoles was reversed and their current was set to A. Immediately, a spike of losses was observed on most of the bunches. The observed losses pattern is clearly BBLR dominated: the central bunch experiences more losses than the intermediate bunch, and the e ective cross-section of the PACMAN bunch stays almost to the burn-o level. This observation was reproduced once more at : , showing similar results.

These results show the possibility to mitigate the BBLR interactions using the Landau octupoles with a high tele-index. Fill was dumped in order to inject new beams as the intensities of the previous beams were reduced and the experiment therefore continued with Fill . In terms of lling scheme, Fill di ers from the previous one by the replacement of the b e trains by an additional BCMS train. This lling scheme is reported in Figure . . The starting point of the collisions was the same as for the Fill , with a half crossing angle of µrad ( . σ), the octupoles set to A and β * squeezed down to cm. Figure . shows an overview of this ll. As for the Fill , Figure . shows the evolution of the beam intensities and energy (top plot), of the half crossing angle and Landau octupoles (middle plot) and of the beams lifetime (bottom plot). Quickly after collisions were reached, the octupoles polarity was reversed and their current was set to the maximum value of -A. The lifetime of Beam has been deteriorated several times during the ll. The rst drops of lifetime observed around : are due to the reduction of crossing angle. The second part of this ll was used in order to determine instabilities threshold, by changing the octupoles current, hence the sudden and drastic lifetime reductions observed around midnight and : . A crossing angle scan was performed right after reaching the collisions, and the results in terms of beam lifetime are reported in Figure . . In this Figure, one can see the evolution of the half crossing angle (black solid line) in time, together with the beams lifetime (blue and red solid lines for B and B , respectively). The crossing angle was reduced in several steps from µrad down to µrad ( σ). After each step, an expected drop of lifetime occurred for both beams. However, this drop was recovered after a short time (less than min), reaching again about h lifetime, considered as a good enough lifetime in collisions. This con rmed the potential of operating with strong negative octupoles at low crossing angle.

This set of experiment, as part of the ATS MD program, motivated to pursue these studies during the ATS MD Program.

BBLR

The second set of experiment was carried out in and its main objective was to ramp up the intensity to several hundred bunches and to validate the ATS scheme for higher intensity beams, but also for brighter bunches, in view of the next LHC Run . The other main objective of this program was to con rm the implementation of the combined ramp and squeeze mentioned in the previous Section . . . In terms of BBLR mitigation using the octupoles, the goal was to demonstrate the possibility of such a compensation in the case of a very low crossing angle. The chosen β * was cm. However, the value of β * at the end of the pre-squeeze was changed and set to m. By doing so, the tele-index was further increased, up to . , increasing again the e ciency of the Landau octupole.

This Section reports the experimental results obtained with the Fill , carried on the th of September , but more detailed results can be found in [ ]. Fill was the rst step of the intensity ramp up, and the beams were therefore composed of an individual bunch for the tunes monitoring, a rst train of bunches and one BCMS train of bunches, for a total of nominal bunches. As in the experimental program, the collisions occurred only in IP and IP . Figure . shows the chosen lling scheme for the Fill . As for the previous lls, Figure . gives an overview of the Fill in terms of beam intensities, energy, half crossing angle, Landau octupoles currents, and beam lifetime.

The emittances were preserved during the ramp, reaching around . µm.rad for B in both planes, and slightly higher values for B . The goal of this ll was two-fold: perform a crossing angle scan down to lower values with strong negative octupoles, validating this possibility in terms of beam lifetime, and perform an octupole current scan at the chosen crossing angle value. Figure . shows the evolution of the two beams lifetime during the crossing angle scan.

The starting point of the crossing angle was µrad ( . σ), with the octupoles set to their maximal value of -A. The crossing angle was thus reduced down to the value of µrad, corresponding, in this con guration, to a normalized crossing angle of . σ. In order to restore a good lifetime, the betatron tunes were adjusted when required. However, at this value, the lifetime was too low and the crossing angle was nally tuned to µrad ( . σ), where a typical lifetime of about h was reached. This scan showed that with such tele-index, the octupoles were powerful enough to compensate strong BBLR interactions.

With the half crossing angle set to µrad, the octupoles current was scanned, monitoring the e ect on the e ective cross-section of several bunches. The obtained results are presented in Figure . and . for B and B respectively. Compared to the experiment presented in Section . . , the average bunch luminosity was about • 30 Hz/cm 2 . Unlike the results described in the previous section, B seemed to be more a ected than B by the BBLR interactions in this con guration. This could be explained by the slightly higher intensity of the B bunches, and their slightly smaller emittances. When the octupoles polarity is reverted to positive, the very high values of the di erent e ective cross-sections attest the aggressivity of this con guration in terms of BBLR interactions. In fact, reaching an e ective cross-section of more than mb corresponds to a very low burn-o e ciency, and most of the beam losses can therefore be attributed to the BBLR interactions. Moreover, the BBLR pattern can again be identi ed as the central bunch experiences more beam losses than the intermediate one and than the PACMAN bunch. However it is also observed that the intermediate and PACMAN bunches located in the second half of the train tend to experience slightly more beam losses than their associated bunch from the rst part of the train. As discussed in Chapter , this could be identi ed as a consequence of electron clouds e ect, where the end of a train always experiences more beam losses than the head of the same train. However, Figures . and . also show the strong capability of the octupoles to mitigate those BBLR interactions. One can observe that by setting their current to -A, the e ective cross-section of all the bunches shrinks back to the burn-o limit of mb.

To conclude, these sets of experiments successfully demonstrated the possibility to mitigate the BBLR interactions with the Landau octupoles in con gurations with high tele-index and rounds optics. Nevertheless, during the experimental program, the possibility to provide at optics collision was also explored, and similar BBLR experiments were carried out in that context. These experiments are reported in the next section.

M BBLR I F F O F HL LHC

Until now, and in general in the LHC, collisions optics are considered as round: the β-functions at the IP are equal in both planes. However, the ATS scheme was rstly developed in order to deliver at collision optics at the high luminosity IPs [ ], with a more reduced β * in one of the two planes. Flat optics correspond in fact to an optic scheme where β * x = β * y . The β-functions at the IP could then be brought to lower level in one plane while the one in the other plane is kept to a higher level in order to restore the luminosity geometric factor. The crossing angle is therefore set in the plane of larger β * . One can thus de ne a β * aspect ratio, denoted r * and de ned as [ ]:

r * = β * X β * || , ( . ) 
where β * X and β * || represent the β * values in the crossing and the parallel separation plane respectively. In order not to lose in terms of luminosity performance, the geometric average of the two values should remain unchanged while attening the optics. One can therefore de ne an equivalent β * eq de ned as:

β * eq ≡ β * X β * || ∼ Cst. ( . )
The peak luminosity for at optics can be expressed as a function of the peak luminosity using round optics, and the geometrical luminosity loss factor F (r * , β eq ):

L f lat (β eq , r * ) = L round (β eq ) × F (r * , β eq ), ( . ) 
where the luminosity loss factor can be written:

F (r * , β eq ) -1 ≡ 1 + 1 r * ( Θ c σ z 2β 2 eq ) 2 , ( . )
where Θ c is the normalized crossing angle and σ z the RMS bunch length. The normalization of the crossing angle is done with the beam divergence in the plane of larger β * . Consequently, the physical crossing is reduced by a factor (r * ) 1/4 when going from round to at optics. In principle, the peak luminosity could be fully recovered by choosing an in nite aspect ratio at the IP:

lim r * →∞ L f lat = L round . ( . )
However, the aspect ratio cannot be set to in nite values in practice because of aperture restriction in the IT. As the crossing angle has to be set in the plane of larger β * , and due to the shape of the LHC been screens, oriented vertically in IR and horizontally in IR , the crossing should be done accordingly when colliding with at optics. This is the exact opposite con guration than with round optics, as exposed in Figure . [ ]. Aspect ratios ranging from to would match the available aperture in the LHC triplet, with the aforementioned con guration (crossing plane inversion). In [ ], it is shown that the luminosity performance using at optics could be similar to the one obtained with round optics. However, only some experiments (some of them reported in the following Sections) have been carried out so far, and no experience with at optics in nominal operation has been gained during the LHC Run . Flat optics are also considered for the LHC Run as they could have a bene cial e ect on the triplet luminosity lifetime (the rotation of the crossing angle would induce radiation damages in other regions than the one already a ected by the previous LHC runs) [ ] and for HL-LHC [ , ] The rst tests of colliding beams with at optics were successfully carried out in with low intensity beams [ ], although some challenging steps were met in terms of optics correction. Those studies were continued in with higher intensity beams, and the next Section reports the corresponding results, especially in terms of BBLR compensation.

M BBLR L

On the th of July , the rst high intensity tests using at optics took place. The detailed results of this experimental campaign are reported in [ ]. nominal bunches were injected in the LHC, using the following structure: one individual bunch, non-colliding, for tune monitoring, a train of bunches and a BCMS train of bunches. The corresponding lling scheme is reported in Figure . . The nominal energy ramp followed the beams injection. At the end of the ramp, the crossing bumps in IR and IR were rotated. Large lifetime uctuations were observed for both beams during this rotation, as illustrated in Figure . . At the end of the tele-squeeze, the nal at optics with β * X/|| = / cm were reached. A very poor lifetime was observed immediately after the beams were brought into collisions at a crossing angle of µrad ( . σ). The octupoles polarity was inverted and the tunes were optimized in order to retrieve a lifetime of about h. The emittances measurements revealed some instabilities in B (emittances reaching about µm.rad for some bunches in the horizontal plane) while the others had an emittance of about -. µm.rad. At the same crossing angle of µrad, the octupoles current was scanned and the corresponding evolution of the beams lifetime is displayed in Figure . . The e ect of the octupole polarity on the lifetime is very clear as we observe a signi cant drop of about h for B and about h for B when the polarity turns positive. The di erence of behavior between the two beams (which is again, the opposite of what we observe during the nominal operation of the LHC) can be explained by the increased emittances of B due to the instability that occurred during the squeezing process and, possibly, by the inversion of the crossing planes with at optics. Similar results can be observed in terms of bunch-by-bunch e ective cross-sections, as shown in Figure . for B and . for B . For reference, and comparison to similar plots from the previous Sections and Chapters, the average bunch luminosity at this stage of the experiment was about • 30 Hz/cm 2 . The unbalanced e ect on the bunches lifetime already observed at the beam level is con rmed, as the e ective cross-section of the B bunches drastically increases, more than the one of B bunches, when reverting the octupoles polarity. In the case of B , the octupoles seem to be powerful enough, in the explored crossing angle range, to mitigate the strong BBLR interactions while in the case of B , the e ective cross-section of the bunches seems to stay slightly above the burn-o limit, indicating additional beam losses due to BBLR e ects. Moreover, in comparison to the previously described experiment, the BBLR losses pattern could not be identi ed here, as the PACMAN bunches seems to experience more beam losses than the central bunch. This could also be related to the emittances of each bunches, especially after the observed instability during the squeeze.

The half crossing angle was further reduced down to µrad ( . σ) and another octupoles current scan was performed. The e ect of this scan on the beams lifetime is illustrated in Figure . . This con rms the unbalanced e ect between the two beams. When reverting the polarity of the octupoles, the lifetime of B reached very low levels but could be retrieved by switching back to negative octupoles.

The bunch-by-bunch evolution of the e ective cross-section of bunches from B and B as a function of the octupoles current is illustrated in Figure . and . respectively. At this stage of the experiment, the average bunch luminosity was reduced to about • 30 Hz/cm 2 . As one can see in these Figures, the octupoles are not strong enough to mitigate completely the BBLR interactions in this aggressive situation, especially for B , for which the e ective cross-section of the central bunch is already at a level of about mb before the polarity change. The fact that the octupoles seem weaker than with round optics is perfectly understood, as with at optics, only % of them are enhanced by the ATS scheme (compared to % with round optics, with the same telescopic index). The relative tune spread increase is therefore reduced and the mitigation of the BBLR interactions is then more di cult. In order to gain more in terms of BBLR compensation, one could power the wire compensators, gaining additional tune spread and further reducing the e ect of the BBLR interactions. However, no time was left during this experiment to perform such a test. Moreover, with the crossing bumps rotations, the wires would be installed in the wrong plane. This inversion would not change the octupolar components, but other RDTs would be a ected. Nevertheless, this con rms the possibility of operating the machine with at optics, and wire compensators, in the HL-LHC era. This is considered as a back-up option in case the crab cavities development would fail.

C

During the -LHC Run , in parallel to the wire demonstrators experiments, a complementary experimental program was carried out in order to demonstrate the feasibility of deploying the ATS scheme with high tele-index in the LHC, for both round and at optics.

During this experimental program, it was shown that the ATS scheme, by increasing the e ciency of the negative Landau octupoles in the arcs, gives them the possibility to mitigate the BBLR interactions. With round optics, the octupoles were demonstrated to be strong enough to achieve such a mitigation, even in very aggressive con gurations in terms of BBLR interactions, going down to a crossing angle of µrad without spoiling the beam lifetime. The corresponding simulations with high tele-indexes were not carried out yet for the LHC. In the HL-LHC, simulations have been carried out [ ], but did not show a clear e ect of the octupoles on the BBLR interactions without the use of the wire compensators. However, the combination of the octupoles with the wires could signi cantly improve the dynamic aperture.

In the case of at optics, the relative increase of the octupoles e ciency is known to be reduced compared to the case with round optics. However, encouraging results were obtained in terms of BBLR mitigation. Nevertheless, in order to fully recover from a con guration where the BBLR interactions are strong, the use of the wire compensators would have been needed, but no time was left to try this out and the wires were siting in the wrong plane, leading to the impossibility to target the compensation of all the RDTs. These experiments con rmed to the possibility of deploying such schemes for the LHC Run , or for the HL-LHC era. For the HL-LHC, the present baseline assumes a round optics ATS scheme in order to reach the wanted β * ( -cm) and the crab cavities in order to cope with the BBLR interactions. The wire compensators would therefore be installed to mitigate the residual BBLR interactions still present, as the normalized crossing angle remains low. Additionally, and in case the crab cavities would not be installed in the HL-LHC eventually, the use of at optics with the BBLR compensation using the DC wires remains a good machine con guration in terms of luminosity performance.

T
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At the end of , the LHC was shut down, for a two years long period during which upgrades were planned to take place in view of the upcoming LHC Run . The LHC was planned to be recommissioned in , although it is now foreseen to inject protons in the machine only in , due to the pandemic and its impact on the activities. Once recommissioned, the LHC is foreseen to enter a three years period of physics production before a new long shutdown. This three years period is called LHC Run and is the main focus of this Chapter. After a presentation of the current status of the foreseen operational scenario, we present the numerical implementation of the wire compensators during this run, together with a collection of tracking simulations results for the LHC Run operation with the wires.

After the very positive results obtained during the -LHC experimental program, it was in fact decided to use the wire compensators also in Run , equipping Beam with the two unused wire collimators of Beam . The objective of the use of wire compensators during the LHC Run is to gain operational experience in view of the HL-LHC era, more than gaining integrated luminosity. It also represents a unique opportunity to draw conclusions about the possible design of the new hardware to be built for the HL-LHC.

R F O S P E LHC R

The transition between LHC and HL-LHC has been split in two in order to manage the di erent technical aspects of this upgrade. The goal of the Long Shutdown (currently on-going in ) was to focus on the injector complex. The LIU project has been successfully carried out, and the injectors are now ready for the HL-LHC era. During the Long Shutdown (LS ) (foreseen to take place between and ), the LHC will be upgraded (change of the Inner Triplet, installation of the T dipoles, etc...).

The foreseen restart of the LHC in coincides with the completion of the LIU project. The LHC injector chain will then be able to deliver bunches with almost twice the brightness of the LHC Run bunches. However, and as mentioned previously, the LHC will be upgraded during LS . Therefore, in order to cope with the hardware limitations, and to search for solutions for the LHC to be compatible with such beam parameters, the LHC Run Con guration Working Group was formed. A summary of its work can be found in [ ].

The beam intensity ramp up in the injectors chain is foreseen to be gradual over the three years period of the LHC Run , starting with a nominal bunch intensity of . •10 11 protons in the rst year, up to . •10 11 protons by the end of the last year. The LIU ramp-up will then continue as the LHC shuts down during LS in order to be ready to accept bunches with the nominal intensity of . •10 11 . For Run , the BCMS beams are considered as baseline as those beams present several advantages such as a mitigation of the cryo-cooling capacity needed to cope with the heat load generated by the electron cloud e ect in the LHC arc. They also feature smaller emittances, and therefore higher brightnesses. However, a combination of BCMS and b e trains is also under investigation in order to mitigate even more these e ects [ , ]. Taking into consideration all the LHC systems limitations, the maximum bunch intensity acceptable during the LHC Run has been limited to . •10 11 protons. Such a bunch population was assumed to be reached by the end of , even though the current delays might have an impact on this plan. Di erent physical and technical aspects have to be addressed when planning to inject bunches with an intensity about % higher than the one used in Run . Without entering the details, one can mention the emittance blow-up due to Intra-Beam Scattering (IBS) [ ] and Synchrotron Radiation (SR) [ , ], coherent stability [ ] (mostly from an impedance [ , ] point of view) and the heat load generated in the two rings, as already mentioned. Another critical concern for the LHC Run operation is the luminosity lifetime of the Inner Triplets in IR and IR . Simulations have, in fact, shown that some of the quadrupoles coils have been highly irradiated already, bringing them to half of their lifetime [ ]. Loosing a quadrupole of one of the Inner Triplets cannot be tolerated as no spare piece was built. Protecting the IT until their replacement during LS is, therefore, of primary importance.

As already mentioned in the previous Chapters, two main options in terms of optics are foreseen for the operation of the LHC during Run . The rst one is the well known round optics. With such a scheme, the only parameter that could possibly be changed in order to reduce the deposited dose on the Inner Triplet is the polarity of the crossing angle in IR (vertical crossing). This option has already been tested during Run . However, such a scheme would not prevent the IR Inner Triplet to be irradiated. The other option is to use at optics. As mentioned in Chapter , the use of at optics yields an inversion of the crossing plane between IR and IR . By doing so, di erent parts of the coils will be irradiated, therefore increasing the lifetime of the Inner Triplet. Finally, one critical parameter, regardless the chosen option, is the absolute value of the crossing angle. The higher the crossing angle, the higher the deposited dose in the Inner Triplet. The target for any operational scenario during the next LHC Run would therefore consists in keeping the crossing angle as low as possible without reducing the beam performance. The wire compensators could help on this aspect, allowing to operate with a lower crossing angle, especially at the end of each ll where the crossing angle reaches its maximal value. This aspect is presented in the following Sections.

F

During the Run , the LHC is assumed to operate at an energy of TeV [ ], in comparison to the . TeV of the Run . At the time of writing, two types of beams are considered for the operation of the machine during the Run . The rst one is the typical BCMS beams, providing collisions at the high luminosity IPs, and emittances of . mm.mrad. In case of issues with electron cloud e ects and heat load in the arcs, an alternative mixed lling scheme, composed of BCMS trains and b e ones is also foreseen. Using this second option, the number of collisions in IP and IP would be reduced down to . However, the baseline con guration remains the BCMS beams. The expected emittances evolution during a ll can be computed from the IBS and SR dynamical models, together with the experimental observations during the LHC Run [ ].

Finally, the luminosity is foreseen to be leveled at •10 34 Hz/cm 2 by squeezing β * from about m down to cm. In order to minimize the impact on the Inner Triplet irradiation, the crossing angle is adjusted accordingly. This leveling is foreseen to last for about h. Assuming a burn-o cross-section at TeV of mb, and a turnaround time (time in between two lls) of about h, the optimal ll length should be around h, giving an integrated luminosity of about . fb -1 per day. The corresponding typical pro les for the luminosity, crossing angle, β * and emittances are displayed in Figure . .

In the case that at optics would become the preferred option, the leveling is foreseen to start with round optics, with both the β-functions at the IP set to cm [ ]. During the leveling, one of the β * will be gradually reduced down to cm while the other would remain at the same value. The gain in terms of integrated luminosity is expected to be about . % and more details can be found compensating all the RDTs driven by the BBLR -described in Chapter , and requiring two wires per IP, the High Intensity experiment showed that we could observe the bene cial e ect of the wires in terms of beam losses by using only one wire per IP. Consequently, it was decided to change the wire compensators layout by moving the two unused wire collimators from Beam to Beam . The resulting layout is displayed in Figure . , showing an out-of-scale scheme of the LHC rings as foreseen during the LHC Run . During the LHC Run and the experimental campaign, the wire compensators were considered as demonstrators, and only required an initial validation with a pilot beam when changing con guration, as described in particular in Chapter for the High Intensity experiment. During the LHC Run , the wire compensators will be considered as operational devices. The implications of such a statement are important, as it means that the wires will be powered while high intensity beams are circulating in the machine. The most important one is the fact that a wire failure has to trigger a beam dump. Stopping the wires themselves while operating with high intensity beams is not a real problem per se. However, the tune feed-forward system (see, Chapter ) would remain active after the wire failure, inducing an important tune shift, and an important β-beating wave. This would a ect the phase advance between the tertiary collimators and the extraction kickers, potentially leading to important damages in the eventuality of an asynchronous dump (never occurred in the LHC in nominal operation at the time of writing). The di erent possibilities of wire failures are the following [ ]:

ATLAS

• Failure of the power converters.

• Wire overheating: as already mentioned, the heat produced by the Joule e ect in the wires is important (about kW) and must be accounted for. It is therefore foreseen to dump the beams in case the jaw temperature exceeds • C at the position of the temperature probes.

• Failure of the control card of the wires.

• Electrical circuit opening, for instance, a loss of electrical contact at the wire connector or a damaged cable.

Consequently, a commissioning procedure [ ] was prepared and the wires commissioning will be carried out taking into account the aforementioned points.

N O W C S

As it was done for the LHC Run , the technicalities of the implementation of the wires during the next LHC Run are rstly determined numerically. The critical point of this implementation lies in the design of a reliable tune feed-forward system.

During the next LHC Run , the wires are planned to be powered at the end of each ll, at the end of the β-leveling (β * = cm, θ c /2 = µrad). In this con guration, the wire collimators are foreseen to be opened at . σ coll [ ] and the -jaws con guration will consequently be used for the wire powering. The corresponding transverse beam-wire distances are reported in Table . . The tune shifts induced by the wires with these settings are presented in Table . and must be compensated.

Beam Wire Dist. from IP [m] Plane d w [mm] B L -. V . L -. H . B R . V . R . H .

Beam Wire

∆Q x ∆Q y B IR . •10 -2 -. •10 -3 IR -. •10 -3 . •10 -3 B IR -. •10 -2 . •10 -3 IR . •10 -3 . •10 -3
Table . : Maximum expected wire induced tune shifts during the next LHC Run .

During the LHC Run , and as already presented in Chapter , this feed-forward made use of the nearby quadrupoles Q and Q for each wire. The applied strength variation in these quadrupoles was linear with the considered wire current, allowing for a smooth and successful implementation during the experiment. The proximity of these quadrupoles with the wires also allowed to minimize the induced β-beating wave. However, during the next LHC Run , the use of higher tele-indexes yields an increase of the β-functions in the arcs. The arc sextupoles become thus more e ective and for the same relative β-beating, the impact on the chromaticity is larger. Such e ects have been observed numerically while dimensioning a feed-forward system for the wires in Run with the use of MAD-X. Moreover, as one can observe in Figure . , the β-functions at the Q location are lower than in the case of the LHC Run and therefore, do not scale linearly with the reduction of β * . Without this linear scaling, the tune feed-forward system depends on the tele-index. During Run , the β * excursion was negligible or even absent. However, the LHC Run is based on a β * leveling of the luminosity. Even though the wires are planned to be powered only after this leveling at the moment of writing, having a tele-index independent feed-forward system would be pro table for the future. For these reasons, a new tune feed-forward system is proposed for the next LHC Run . This new system pro ts from the two Q quadrupoles, located on each side of the IP. The phase advance between the two is very close to π: the β-beating induced by the correction is thus limited, and so are the chromatic e ects. The approach to design such a feed-forward is strictly the same as the one described by the Eq. ( . -. ). The relation between the Q strengths and the wire currents can thus be written: ( . ) where Beam is taken as an example, but similar relations can also be obtained for Beam . Figure . displays graphically the obtained relations for Beam . From an operational point of view, one can get an important insight from these relations. The Q quadrupoles are in fact not supposed to be trimmed during the operation of the machine. A variation of their current would induce a beam dump. The margin would therefore have to be opened in order to accommodate the current excursion due to the feed-forward system. However from Eq. . , and assuming the wires to be powered at their maximum current ( A) at their nominal distance (collimators at . σ, see Table . ), one can see that the required trims represent less than % of the nominal Q currents, which is perfectly acceptable from a machine protection point of view.

k L1 Q4 ≈ 3.
The triangular markers indicate the values obtained numerically using MAD-X while the solid lines illustrate the analytical expected values, derived in the perturbative approximation. The knobs are perfectly linear with the wire currents, indicating already that the induced β-beating is moderate. A summary of the implementation of this new feed-forward system, in term of tunes and chromatic e ects, is presented in Figure . In these Figures, the tunes variations are represented in red and blue for the IR and IR , respectively, while the chromaticities variations are represented in magenta and cyan for the IR and IR , respectively. The solid lines are used for the horizontal plane while the dash lines are used for the vertical one.

Several other aspects (orbit distortion, dispersion shift, etc...) have to be checked in order to fully validate the compatibility of the wire compensators feed-forward system with the nominal operation machine protection concerns. The detailed list of those checks together with detailed gures are reported in [ ]. One of the most important check to be veri ed is the β-beating induced by the wires and their feed-forward system. Figure . shows the maximum β-beating obtained as a function of the wires current, in the case of Beam .

The beating induced by the wires in IR is represented in blue while the one induced by the wires in IR is drawn in red. The solid and dash lines correspond to the horizontal and vertical planes respectively. The obtained values are low in comparison to the beating induced by the beam-beam interactions and are therefore acceptable. As a comparison, a typical tune trim of about -2 in both planes induces a maximum β-beating of about . %. Max.

x, y -beat.

[%]

x -L1 y -L1

x -L5 y -L5 Finally, the location of the maximum β-beating is also important. In the case of the wires and their feed-forward, this maximum is always reached around the considered IP (about cm from the IP), close to the luminous region. In this region, the aperture margin is signi cant and the e ect on the luminosity is expected to be minor (however, it should be quanti ed numerically, as requested by the Machine Protection Panel). Similar results can be obtained in the case of Beam .

In terms of orbit distortion, a maximum orbit shift of about µm is expected around the IPs as well, due to a feed-down e ect from the trimmed Q quadrupoles (the Q quadrupoles are located within the crossing bump). This orbit shift should be signi cantly mitigated by the LHC closed orbit feedback system. The horizontal and vertical dispersions are also a ected, but the e ect of the wires and their feed-forward is negligible (a shift of about mm is expected, in comparison to the nominal dispersion that is of the order of a few meters). Moreover, a critical point from a machine protection point of view is the phasing between the tertiary collimators and the extraction kickers, in case of an asynchronous dump. It has therefore been veri ed that the wires and their feed-forward only a ect this phasing by less than . degrees, which is well within the tolerances.

As mentioned in the motivations for this new tune feed-forward of the wires, it should be ATS independent so that the wires can be used at any time during the β * -leveling. Figure . shows the remaining tune shifts (compared to the nominal working point) with respect to the tele-index (wires powered at A, -jaws con guration). This gure shows the example of Beam , but the same results are also observed for Beam . The obtained remaining tune shifts are within the machine reproducibility, con rming that the tune feed-forward system is ATS independent.

Until now, we dealt with an ideal implementation of the tunes feed-forward system, assuming a perfect alignement of the wires with the beam. However, in the LHC, non-idealities can occur. Other checks have therefore been carried out, especially in the case of a possible misalignment of the wire collimator. For all the types of misalignments (non-centered beam, collimator gap error, th -axis), minor e ects are expected on all the parameters, apart from the tunes, for which shifts up to about -3 were observed for important misalignments (order of mm).

Finally, the ramping time of the wire has to be determined such as it does not exceed the Q one. An asynchronous ramp of the wires and their tune feed-forward would, in fact, induce an important β-beating wave propagating along the machine, causing possible beam losses, and, eventually, triggering a possible beam dump. The ramp should be within the bandwidth of the LHC orbit feedback system so that possible orbit distortions due to feed-down e ects could be mitigated. Consequently, a ramping time of about min was found to be acceptable, as shown in Figure . . Using this setup, the next Section describe the work done in terms of tracking simulations for the wire compensators during the LHC Run .

W C N S

In this Section, we explore the potential of the wire compensators within the context of the previously described operational scenario, foreseen for the LHC Run . The corresponding parameters are recalled in Table . (end-of-ll, after the β-leveling). These parameters are used systematically in the following, unless speci ed otherwise. The indicated number of turns corresponds, as in the previous chapters, to the the maximum number of turns the particle will do in the machine during the tracking simulations. In the case of the LHC, this corresponds to about sec of actual machine time. It is worth noting that as during the Run , the polarity of the octupoles was positive, which is not the favorable situation in terms of BBLR mitigation (see, Chapters and ). Finally, as in the previous 

D A

The rst study to be carried out concerns the only free parameter of the wire compensators during the next LHC Run , which is their current. Figure . thus shows the DA variation with the wire currents. The use of the wires can improve the average DA by about . σ but this e ect is mostly due to the wires located in IR . One can in fact observe that the wires in IR , if powered alone, cannot improve the DA and even seem to degrade it. This di erence can be explained by the beam-wire distance, that is larger in the case of the IR wires. The DA improvement is maximized by powering the wires in IR with A, and the wires in IR to or A. This will therefore be the reference study points in the following. With such small DA uctuations, it is important to verify that these variations are not due to other e ects than the wires, as residual tunes or chromaticities shifts. In this respect, Figure . shows the variations of the computed tunes and chromaticities during the wires currents scan. One can observe a maximum tune shift of about •10 -5 in both planes. Such shifts are considered to be negligible in terms of DA variation. However, the horizontal chromaticity (shift of about two units) seems correlated to the DA variations observed in Figure . . This observation is consistent from a physics point of view as the DA is improved when the chromaticity is reduced. During the LHC operation, the chromaticities are not corrected, and a shift of units would be tolerated from a machine protection point of view. However, in order to draw conclusions about the bene cial e ect of the wires in these simulations, a correction of the chromaticity would be required.

To complete the study displayed in Figure . , one can plot the DA variation in the parameters con guration space, as shown on are installed), increasing the average DA by . σ compared to the situation without wires. Finally, the optimal situation observed from Figure . is shown in magenta and is very similar to the situation with only the wires in IR powered. An additional improvement around the • line yield an increase of the average DA by . σ, which is the best we can obtain from the scan that was carried out. As observed with the Run simulations, the DA improvement is in general observed for angles higher than • . Above the • line, the observed DA improvement reaches the order of σ, while below, it is close to zero. The di erence between these con gurations can also be observed in the tune footprints. Figure . shows the di erent tune footprints for the four di erent situations described previously. The color code of the footprint follows the one of Figure . . As for the DA, one can observe that the wires in IR are more e cient in terms of footprint e ect, especially for the high amplitude particles. The compression of the footprint is slightly improved by adding the wires in IR with A. However, like for the DA, the latter do not a ect signi cantly the footprint compression. Some particles are trapped on the diagonal while some others are trapped on the rd -integer resonance line. This last observation could be a possible explanation for the slight observed DA degradation.

T

As for the LHC Run , one can study the impact of the tunes on the wires e ect on DA. This section reports simulation results for tune scans around the nominal working point. Figures . a and . b show such tune scans with the wires OFF and ON respectively.

In this con guration, the wires improve the DA around the nominal working point and towards the diagonal. The opening of the tune space creates a more comfortable area to accommodate additional non-linear e ects such as beambeam interactions or electron clouds e ects, inducing a bunch-by-bunch parameter spread. With or without wires, it seems that -as during the LHC Run -an optimal working point can be found in order to improve the DA of the machine. Typically, moving slightly the working point towards the diagonal (∆Q x = +0.001 / ∆Q y = -0.001) can improve the DA by about σ. The use of the wire could reduce this needed tune shift, therefore remaining as far as possible from the diagonal, which is always preferable in order to avoid losing high amplitude particles as they cross the diagonal (as seen previously on the footprints). Finally, similar sanity checks have been led, as in the previous Section, in order to determine if the observed DA uctuations are due to the wires e ect or to possible tunes or chromaticities shifts. In these studies, the nal chromaticities do not depend on the working point, except on the diagonal, where a slight shift of about one unit is observed. In terms of tunes, the nal tunes computed by MAD-X include the tune shift induced by the beam-beam interactions, as well as the wires and their feed-forward (if present). The tune shift induced by the beam-beam interactions depends on the working point. However, by making the di erence between the nal tunes computed for the con gurations with and without wires, one can observe the residual tunes and chromaticities shifts induced by the β-beating due to the wires and their feed-forward system. Figure . shows this di erence for both horizontal and vertical tunes and chromaticities.

One can see that the residual tune shifts are constant and at the level of -5 . However, a constant horizontal chromaticity shift of about two units is again observed. Nevertheless, this shift does not depend on the working point, while the DA uctuations observed in Figure . do. As for the wire currents study, a correction of the chromaticity in the simulations would be required.

W L

As presented in the introduction of this Chapter, the LHC is foreseen to operate with positive Landau octupoles during the Run , even if this would not provide a possible mitigation of the BBLR e ects. The baseline current is set to + A. This value should ensure a tune spread large enough to keep the beams stable in operation. However, following the experiments carried out during the LHC Run with high tele-indexes (see, Chapter ), the study of the impact of negative octupoles with the wires is also considered in the case of the Run . Moreover, no compensation pattern emerges from Figure . . This seems to exclude the possibility of a resonance compensation mechanism and the bene cial e ect of the wires could thus be translated in terms of linear detuning with amplitude, as shown on the previous footprints. In that respect, Figure . shows the dependency of the average DA on the wires currents (assuming I w1 = I w5 ) and the Landau octupoles currents.

Taking into consideration the contribution of the BBLR interactions, the octupoles and the wires, it is possible to overlap the DA scan with the iso-detuning lines corresponding to the three coe cients describing the linear detuning, namely a x = ∂∆Q x /∂J x , a y = ∂∆Q y /∂J y and a xy = ∂∆Q x /∂J y = ∂∆Q y /∂J x (given in m -1 ). For the octupoles, those coe cients can be computed, for the LHC, as [ ]: ) where p 0 is the momentum of the particles, express in GeV/c, and the superscripts D and F refer to defocusing and focusing octupoles respectively. For the BBLR interactions and the wires, these coe cients are computed from the detuning expression as given in [ ]: ) where (IL) w is the integrated current of the considered wire, d w is the transverse beam-wire distance and φ w = arctan(y w /x w ) gives the angular position of the wire in the transverse plane. The coe cients are thus obtained by simply di erentiating the expression above with respect to the horizontal and vertical amplitudes J x and J y , as in Eqs. . :

a M O x = 7000 p 0 (267065 I F M O 550 -7859 I D M O 550 ) a M O x = 7000 p 0 (9789 I F M O 550 -277203 I D M O 550 ) a M O xy = 7000 p 0 (-102261 I F M O 550 + 93331 I D M O 550 ), ( . 
∆Q x ∆Q y = - 3µ 0 (IL) w 16π 2 Bρ 4φ w d 4 w β 2 x -2β x β y -2β x β y β 2 y J x J y , ( . 
a w x = - 3µ 0 (IL) w 16π 2 Bρ 4φ w d 4 w β 2 x a w y = - 3µ 0 (IL) w 16π 2 Bρ 4φ w d 4 w β 2 y a w xy = 3µ 0 (IL) w 2π 2 Bρ φ w d 4 w β x β y .
( . )

Eq. . stands for a DC wire, as the wire compensators. However, in this example, we approximate each BBLR interaction to a small wire whose induced linear detuning can be computed with this formula. This assumption remains valid until the beam-beam distance becomes too small (belowσ beam , see Introduction in Figure . ).

As expected from the experimental results presented in Chapter , a negative polarity of the octupole current contributes to the mitigation of the BBLR interactions. One can thus determine a compromise between the wires and the octupoles in order to minimize the detrimental e ect of the BBLR interactions and optimize the DA of the machine. According to Figure . , there is no con guration for which the three detuning coe cients cancel out together. Such a point can be determined analytically by solving a system of three equations, the three unknowns being the currents of the wires in IR , in IR and the Landau octupoles currents: 

         A x1 I w1 + A x5 I w5 + α x I D/F M O + LR x = 0 A y1 I w1 + A y5 I w5 + α y I D/F M O + LR y = 0 A xy1 I w1 + A xy5 I w5 + α xy I D/F M O + LR xy = 0,
I D/F M O = -LR x (A xy1 A y5 -A xy5 A y1 ) -LR y (A x1 A xy5 -A x5 A xy1 ) + LR xy (A x1 A y5 -A x5 A y1 ) A x1 A xy5 α y -A x1 A y5 α xy -A x5 A xy1 α y + A x5 A y1 α xy + A xy1 A y5 α x -A xy5 A y1 α x I w1 = -LR x (A xy5 α y -A y5 α xy ) -LR y (A x5 α xy -A xy5 α x ) + LR xy (A x5 α y -A y5 α x ) A x1 A xy5 α y -A x1 A y5 α xy -A x5 A xy1 α y + A x5 A y1 α xy + A xy1 A y5 α x -A xy5 A y1 α x I w5 = LR x (A xy1 α y -A y1 α xy ) + LR y (A x1 α xy -A xy1 α x ) -LR xy (A x1 α y -A y1 α x ) A x1 A xy5 α y -A x1 A y5 α xy -A x5 A xy1 α y + A x5 A y1 α xy + A xy1 A y5 α x -A xy5 A y1 α x .
( . )

Evaluating these expressions, one nds out that the needed currents to reach such a con guration are way out of the limits of the wires power supplies:

     I M O = -380A I w1 = -2742A I w5 = 6817A. ( . a) ( . b) ( . c)
Moreover, using such settings would yield an unpredictable machine con guration from the physics point of view.

Nevertheless, one can consider the con guration where both ∂∆Q x /∂J x and ∂∆Q y /∂J y vanish (green star in Figure . ). With such a con guration, a DA improvement of . σ is observed. However, the DA seems more related to the vertical detuning (blue lines). Moreover, one can observe better points in terms of DA. A gain of . σ is for instance observed with the wires powered at A and the octupole current set to -A, while clearly the detuning coe cients do not cancel out. These di erent con gurations are studied in terms of footprint, as shown on The use of the wires together with negative octupoles improves the compression of the tune footprint. As expected -since two of the three detuning coe cients cancel out -the green footprint shows an almost perfect compression, even if the footprint seems twisted, due to the residual cross anharmonicities. The best con guration in terms of DA is represented in blue. The compression seems less e cient than in the green footprint case. The observed better DA could possibly be explained by the fact that in the case of the green footprint, particles are compressed on a resonance line. However, this resonance is of th order and it seems unlikely that a di erence in the beam losses could be observed experimentally between the two con gurations.

O J

During the operation of the LHC, the operators might have to revert the polarity of the octupoles while the beams are separated. In this con guration, there is no head-on collision and the only tune spread is thus the one induced by the octupoles. This can lead to coherent instabilities when the current of the octupoles is reduced down to zero before the polarity inversion. A possible solution to cope with this issue would be to use the wires in order to introduce some additional tune spread. Since the octupolar component of the wires is strong, one can dimension a knob driving the currents of the wires as a function of the one of the octupoles in order to maintain a constant detuning.

Reverting the octupoles polarity results in the inversion of the triangular shape of the footprint. One can de ne a scalar that would quantify this triangular shape. In that respect, we de ne a RMS-like linear detuning, written as:

∆Q RM S = 1 √ 2 ∂∆Q x ∂J x 2 + ∂∆Q y ∂Jy 2 .
( . )

Figure . then shows this quantity as a function of the wires and octupoles currents, assuming that the wires are powered with the same current. In this Figure, one can see the evolution in time (arbitrarily chosen) of the currents for the wires (in red) and the octupoles (in blue). These values correspond to the iso-detuning line drawn in Figure . . As mentioned, the knob is complex and can be simpli ed, as illustrated with the dashed lines. The detuning does not have to stay exactly constant in order to avoid any instability. The proposed knob consists therefore in piece-wise linear ramps for both the octupoles and wires currents. Using these ramps, one can compute the residual RMS-like detuning, as shown in Figure . . During the ATS experimental program described in Chapter , the octupole threshold for the coherent stability has been estimated to be about ± A. One can see that the use of the proposed knob allows the operators to invert the polarity of the octupoles without reducing the detuning enough to trigger beam instabilities. By doing so, even with separated beams, it should be possible to cross the zero current line of the octupoles without experiencing issues.

B

As mentioned previously, using the current baseline parameters, the crossing angle is set to µrad at the end of the luminosity leveling. This crossing angle corresponds to the limit value below which the DA is lower than σ and the beam lifetime is therefore signi cantly degraded. Figure . shows the evolution of the DA as a function of the bunch intensity and the half crossing angle, without the use of the wire compensators.

With a bunch population of . •10 11 p, simulations con rm that the crossing angle cannot be reduced further down than the foreseen µrad. However, one can observe in the Figure that the luminosity limit of •10 34 Hz/cm 2 is quite far from the σ iso-DA line. Figure . shows the results of the same DA scan, but with the additional use of the wires, powered with A in IR , and A in IR . This con guration corresponds to one of the best DA con gurations determined from Figure . . One can observe that in comparison with Figure . , the wires could allow a slight reduction of crossing angle by about µrad after the end of the β-leveling, leading to a possible marginal increase of the luminosity.

In this Section, we showed the potential of the wires compensators, used together with the baseline parameters. However, these parameters are still under discussion at the time of writing, and one can carry out additional studies, changing them, in a reasonable range, in order to explore the full potential of the BBLR wire demonstrators. In this Section, we therefore explore the possibility to close the wire collimators down to . σ coll , which would reduce slightly the transverse beam-wire distance, as shown in Table . . The rst point to be noticed from this gure is the fact that the DA 0 , corresponding to the DA value without wires, has improved from . to . σ, simply by inverting the octupoles polarity. With the use of the wires, in this con guration with reduced beam-wire distances, the DA is maximized when powering the wires in IR with A, and the ones in IR with A. In this con guration, the average DA gain is . σ, which is comparable to the nominal scenario. However, the absolute DA would thus be brought to . σ, while, using the baseline parameters, the DA with the wires on reached . σ.

Collimator
This optimal con guration is used for the study of the DA as a function of the half crossing angle and the bunch population. Figure . shows the results of this study, to be compared to the ones displayed in Figures . and. . In this con guration, it would be possible to reduce the crossing angle from the initial µrad down to µrad, without degrading the DA below the σ limit. Assuming a systematic use of the wires at the end of the β-leveling, for about hours, and maintaining the crossing angle at µrad until the end of the ll, the integrated luminosity gain would roughly reach %. The goal of this Section is to use tracking simulations in order to highlight some hardware limitations for the LHC Run , and to draw conclusions in view of the HL-LHC era. These limitations have already be mentioned from the experiments, but tracking simulations can give a quantitative insight.

E

The rst issue to be dealt with is the th -axis alignment of the wire collimators. As it has already been discussed, the overall structure of the wire collimator can be moved in the plane orthogonal to the one of installation. The correct alignment of this axis is of prime importance in order to avoid the introduction of additional components in the magnetic eld induced by the wires. However, the impact of a misalignment on the beam losses was not studied experimentally. Dynamic aperture studies can quantify this impact. In that respect, Figure . shows the evolution of the DA as a function of a horizontal displacement of the wires in IR , and of a vertical displacement of the wires in IR . The settings are the same as the ones used in the previous section, corresponding to an end-of-ll situation, with the wire collimators open at . σ, and powered with their maximal current, using the -jaws powering con guration. One can see that the average DA does not evolve signi cantly for a misalignment lower than mm for both wire collimators. However, for larger misalignment, DA can shrink by . to σ, which would jeopardize the bene cial e ect of the wires. The e ect of a misalignment of the wires in IR is less important, due to the larger beam-wire distance. In case of misalignment, the angle between the wires and the beam will therefore be smaller than for the wires in IR with the same absolute misalignment. The DA decrease due to the misalignment is enlarged in the case of a reduced wire collimators gap down to . σ. The alignment of the th -axis should be done with the best possible precision. However, this study shows that a alignment with a precision below . mm could be enough in order to preserve the wire compensators bene cial e ect.

A BPM

During the LHC Run , the alignment of the wires was done using the BPMs embedded into the wire collimators. This was helpful in order to reach precise alignments. However, in the present design of the new wire compensators for HL-LHC, the question about embedding BPMs was raised, as for the moment, the wires are not foreseen to be housed inside a collimator. This section therefore tries to evaluate the possibility to align the wires without the use of local BPMs.

From the previous Section, the target would be to be able to align the wires with a precision lower than . mm. The goal of this study is therefore to determine if one could evaluate such a misalignment by monitoring the tunes. In the following, we move the th -axis of each wire collimators of Beam (similar results can be obtained for Beam

) and we record the expected induced tune shift. This test is done at top energy, with a single individual bunch (N b = 1.1 • 10 11 ), in order to remain compatible with the LHC conditions. The tunes are matched to the nominal values, and the feed-forward system of the wires is switched o . The tune shift induced by such a misalignment can reach up to •10 -3 in the case of IR , for a misalignment of mm. However, this e ect is signi cantly reduced with the wires in IR since they are located further away from the beam. Moreover, in the previous section, the requirement in terms of precision was set to half a millimeter. One can observe that for such values, the induced tune shift is very small (order of -5 ). The typical limit of the tunes measurements in the LHC is of the order of -4 [ ]. Aligning the wire collimators' th -axis using tune measurements seems therefore di cult, or impossible. One would have to close signi cantly the collimators in order to observe a visible e ect on the tunes. This could be done during the machine commissioning, using pilot beams allowing the collimators gaps to be reduced from a machine protection point of view. However, embedding BPMs in the wire collimators, or in the early design stage for the HL-LHC era would be the best and most reliable option. 2 1 0 1 2 3

x w1 [mm] 

C

In this Chapter, we gave an overview of the possible use of the wire compensators during the LHC Run , that would represent a unique opportunity to gain experience in operating the LHC with such devices. The foreseen plan (at the time of writing) is to power the wires on both beams systematically at the end of each ll, after the β-leveling.

Through a rich collection of simulations, the positive e ect of the wires on the machine dynamic aperture has been demonstrated. However, this improvement has been shown to be limited with the present baseline parameters. With a wire collimator opening of . σ, it seems in fact that an improvement of about . σ DA can be obtain. The e ect of the wires on the tune footprint is limited as well.

As discussed in the previous chapter, an important parameter that could be discussed is the current -and more speci cally, the polarity -of the Landau octupoles. In the present baseline for the LHC Run , the octupoles current is set to A, which does not correspond to a BBLR mitigation regime. A possible way to improve the wire e ect during Run would be to invert this polarity in order to operate with the octupoles powered at -A. In addition, it has been shown that the wires could be used while reverting the polarity of the octupoles in order to maintain a constant tune spread, avoiding triggering beam instabilities.

Moreover, the possibility to close the wire collimators down to . σ was also discussed. Combined with negative octupoles, this con guration could improve the BBLR mitigation using the wires. It has in fact been shown that a crossing angle reduction would even be possible. Despite the fact that the primary goal of operating the LHC in Run with the wires is to gain experience, a performance gain could also be observed in that case.

Finally, this set of simulations con rmed experimental observations concerning the present hardware. The in-jaw con guration of the wires is not ideal. We showed that the DA is sensitive to a possible misalignment of the wires, and a reasonable target would be a . mm precision. For the HL-LHC era, it is presently foreseen to abandon this in-jaw con guration in favor of a moving structure inside the vacuum chamber. However, we showed that the presence of BPMs close to the wires would ease signi cantly the alignment procedure.

C P

In the search for new physics, modern colliders, such as the LHC or the HL-LHC, are trying to reach higher and higher integrated luminosity in order to decrease the statistical errors of the measurements, and to possibly achieve new discoveries. Consequently, the beams intensities are constantly increased, and new challenges are then met in terms of beam physics. One of the main performance limitations when colliding two intense beams is the possible interactions between the two beams, when they are located close from each other, right before, or after, entering in collisions. These Beam-Beam Long-Range interactions are known to have a detrimental e ect on the beam lifetime, and, consequently, on the possible luminosity reach. Compensating their e ect is therefore of prime importance.

In the early 's, and for the rst time, the idea of using DC wires to mitigate BBLR interactions was proposed, based on the observation of the similarity between the forces induced by such a wire, and a beam. In , S. Fartoukh proposed a rationale for the choice of settings of the wire compensators. This was based on a semi-analytical work consisting in compensating all the BBLR-driven Resonance Driving Terms. This approach relies on a close proximity between the wires and the beams, which is not reachable in practice. However, these results motivated the construction and the installation of demonstrators in the LHC.

During the -LHC run, we carried out a two years long experimental campaign in the LHC, using the freshly installed demonstrators. In a rst experiment, we used a low intensity beam, composed by only two bunches. With this con guration, the wires could be brought closer to the beam. After identifying a clear BBLR signature, the wires were turned on and o repeatedly, while reducing the beams crossing angle. The results of this proof of concept showed for the rst time a clear evidence of a possible mitigation of the BBLR interactions using wires and motivated a second set of experiments with a setup closer to the nominal LHC operation. In this second set of experiments, both beams were composed of several trains of bunches. Consequently, for machine protection reasons, the wires were located further away from the beam and their e ect was reduced. In order to increase their e ective strength, the two wires housed in the collimators were powered in series, doubling their octupolar strength. Results showed a possible reduction of beam losses by powering the wires, even at lower crossing angle. Through this experimental campaign, we showed that it was possible to achieve a partial, but still bene cial, compensation in conditions di erent from the original proposal from S. Fartoukh, but also compatible with the nominal LHC operation.

These very positive results yielded a change of layout during the Long Shutdown , as a preparatory step for the last LHC run before the HL-LHC era. It was, in fact, decided to equip Beam with wires as well, using two of the wire collimators originally installed for Beam . The results of the experiments, together with an important numerical tracking campaign, proved that the wire compensators -initially built as demonstrators, for a proof-of-concept -were worth being used as operational devices. It is now foreseen to power the wires routinely at the end of each ll during the next LHC run in order to gain experience in operating the machine with such devices, in view of the HL-LHC era. The tracking simulations allowed us to determine operational scenarios for the upcoming Run with the wire compensators.

Additionally, we addressed, in this Thesis, another aspect of the BBLR mitigation that is of prime importance for the Run . The e ciency of the Landau octupoles present in the machine is signi cantly increased by using optics with higher telescopic indexes. Through a set of experiments, we showed that these octupoles could mitigate the BBLR interactions e ect, when their polarity is reverted from positive to negative. These experiments included both round and at optics, two possible options for the future operation of the (HL)-LHC. Through these experiments,
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we manage to demonstrate that a combination of octupoles and wire compensators, with high tele-indexes, could improve signi cantly the e ciency of the compensation.

Due to the residual crossing angle and corresponding BBLR interactions, on the longer term, it has now been decided to reserve space for the wire compensators in the HL-LHC and they are considered as a complementary solution to the crab cavities. The wire compensators could recover -at least, partially -the loss of luminosity. In the HL-LHC, the crossing angle, and therefore the normalized beam-beam separation, are foreseen to be larger than in the LHC, further improving the beam-wire approximation. The potential of the wire compensators would therefore be exploited at its best, as it was shown in the simulation work described in [ ].

Finally this experimental campaign, together with the simulations results, also showed the limitations of the current hardware. The in-jaw con guration of the wires should be avoided in the future, as collimator jaws are bulky and can limit the movement of the wires and the additional distance between the wire and the edge of the jaw adds up with the already important beam-wire distance, reducing the e ciency of the compensators. Finally, we saw that it was necessary to have local beam diagnostics (typically, BPMs) around the wires in order to ease their alignment with the beam.

From the early 's to nowadays, the idea of compensating the BBLR interactions with DC wires evolved signi cantly: this Thesis contributed in the advancement of this research topic. From elegant mathematical optimizations of the wires' settings, we managed to adapt them as much as possible to be compatible with the operation of such a complex collider that is the LHC. We proved that, despite the technical constraints, the wire compensators can mitigate successfully the BBLR interactions in a rich collections of con gurations. The future of the wire compensators at CERN will start in with the restart of the LHC. During the three years of foreseen operation, the goal will be to gain as much as possible experience, operating these devices in order to be ready for the HL-LHC era. With its large normalized beam-beam separation and its very high intensity beams, the HL-LHC could present the best conditions for the wire compensators to show their best potential.

Appendices

A L C A

In the Introduction, we derived an expression for the luminosity in the case of two Gaussian bunches colliding purely head-on. However, we also saw that in the case of the (HL)-LHC, the collisions were achieved with a crossing angle in order to separate the two beams after they collide. The impact of the crossing angle on the luminosity was presented in the Introduction, but this Appendix presents the full derivation of the nal formula.

Let us start from the overlap integral expressed in Eq. . , giving the luminosity of only one collision: . ) where K is the kinematic factor as discussed in the Introduction.

L SB = N 1 N 2 f rev K S L ρ 1 (x, t)ρ 2 (x, t)d 3 xdt, ( A 
In the following, we consider a crossing angle in the horizontal plane, but the same results can be obtained for a vertical crossing. We denote θ c this crossing angle. A change of variable is necessary (in addition to the usual t = s/c) in order to compute the overlap integral in presence of a crossing angle, as shown in One can thus substitute the expression of the new variables as a function of (x, y, s) and integrate over y and s 0 , using: 
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 . Figure . : The LHC ring (not to scale). Beam (B ) is drawn in blue and rotate clockwise wise Beam (B ) is in red and rotates anti-clockwise.
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  Figure . : A typical LHC cycle (Fills and ). The black solid line shows the evolution of the beams energy in time while the blue and red solid lines represent the intensity of Beam and Beam respectively.

  Figure . : Luminosity as a function of the crossing angle, for the nominal LHC case.

  Figure . : Integrated luminosity in the four experiments of the LHC during the -LHC Run.

Figure . :

 . Figure . : Principle of crab crossing, using crab cavities for the HL-LHC.

  Figures . a and . b show the position of the beams in the horizontal and vertical planes around IP and IP respectively.

Figure . :

 . Figure . : Beam positions around the two high luminosity Interaction Points during the LHC Run. The dipoles are represented by blue rectangles while the quadrupoles by red ones.

  Figure . : Number of BBLR experienced by the bunches of B in IR as a function of their position within the beam.

  cm -r Tele = 4

Figure . :

 . Figure . : Optics layout around IP at . TeV at the end of the pre-squeeze (top plot) and at the end of the tele-squeeze (bottom plot).

  Figure . shows the main optics features on the LHC arc. The two rst FODO cells are shown.

Figure . :

 . Figure . : Optics layout of the two rst FODO cells of an LHC arc (Sector ). The dipoles and quadrupoles are represented with blue and red squares respectively.

  Figure . : Optics layout around the Interaction Point during the LHC Run.

Figure . :

 . Figure . : Physical and normalized beam-beam separation (horizontal plane) around the IP .

Figure . :

 . Figure .: Kick given by a round bi-Gaussian beam together with its derivative with respect to x.

Figure . :

 . Figure . : Schematic view of the reference system for the multipolar expansion.

  bunch

Figure . :

 . Figure . : Example of tune footprints in the case of the -LHC Run : β * = cm, θ c /2 = µrad, N b = . •10 11 p, collisions in all IPs. The amplitude of the particles is represented by the size of the dots.

Figure . :

 . Figure . : Schematic view of an electron compression device [ ]

  Figure . illustrates this fact by adding the wire-induced kick to the Figure . .

  Figure . : Comparison between the beam-beam kick and a DC wire-induced kick.

  Figure . : History of the DC wire compensators: the evolution of their dimensions (active length and radius) and their nominal currents.

  in the LHC are made of copper [ ] and covered with a thin silicon dioxide insulator. They are mm long and are placed parallel to the beam, in the horizontal (in IR ) or the vertical (in IR ) plane. Di erently from the other wire experiments described in the Introduction, the wire demonstrators installed in the LHC are embedded in collimators [ ]. Collimators are devices used in the LHC in order to clean the beams halo and protect the machine against possible beam losses that would damage it [ , ]. The collimation system of the LHC is designed on a three stages hierarchy. The primary collimators intercept the beam halo, while secondary and tertiary collimators -more widely open -clean the secondary and tertiary emissions. Primary and secondary collimators are located in both IR and IR of the machine, while tertiary collimators are also located around the di erent IPs in order to intercept debris from the collisions. The wires are housed inside the tungsten jaws of tertiary collimators in the Insertion Regions and and are installed on Beam only, as it was the only beam foreseen to operate with a coronograph [ ].Figure . shows one of the four wire collimators currently installed in the LHC tunnel.

Figure . :

 . Figure . : Wire collimator currently installed in the LHC tunnel on the left side of IP (L ).

Figure . :

 . Figure . : Assembly of the wire on its support [ ].

Figure

  Figure . : D representations of a wire collimator [ ].

  The corresponding physical beam-wire transverse distances, as a function of the collimator opening are illustrated in Figure., in the case of the LHC Run (β * = cm, θ c /2 = µrad). The jaw position is given in unit of σ coll .

Figure . :

 . Figure . : Physical beam-wire distances as a function of the collimator opening during the LHC Run. The black dashed line represents the con gurations explored during the experimental campaign.

  Figure . : The LHC ring con guration during the -Run. Beam is represented in blue while Beam in red. Four wire collimators are installed on Beam , around IP and IP .

Figure . :

 . Figure . : Tune footprints for three con gurations: HO only, HO and BBLR and wire compensation. The size of the markers is proportional to the initial amplitude of the particle. Particles are tracked up to σ amplitude.

  Figure . : Phase advances around the IP .

  Equivalent kick and wire compensation.

Figure . :

 . Figure . : Principle of the BBLR compensation using DC wires in the weak-strong approximation.
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Figure

  Figure . : Residual RDT after the compensation of the ( , )-( , ) RDTs in the case of the -LHC Run (θ c /2 = µrad, β * = cm).

  Q x , Q y ) = 62.31, 60.32, N b = 1.15E11 p x, y = 15, c /2 = 150 rad, = 30 cm BBLR Only (Min DA = 4.44) BBLR + Wires (Min DA = 5.93)

Figure . :

 . Figure . : Dynamic aperture in the con guration space for the ideal setup in two di erent cases: with BBLR interactions only, with BBLR interactions and wire compensation.

  (Q x , Q y ) = 62.31, 60.32, N b = 1.15E11 p x, y = 15, c /2 = 150 rad, = 30 cm Comp. of (4,0)-(0,4) Comp. of (2,2)-(4,0) Comp. of (8,0)-(0,8) Comp. of (8,4)-(4

Figure

  Figure . : DA variation as a function of the beam-wire distances and the wire currents in an ideal case. LHC Run opticsis used but the wires are installed at the optimal aspect ratios.

  (Q x , Q y ) = 62.31, 60.32, N b = 1.15E11 p x, y = 15, c /2 = 150 rad, = 30 cm Comp. of (4,0)-(0,4) Comp. of (2,2)-(4,0) Comp. of (8,0)-(0,8) Comp. of (8,4)-(4

Figure

  Figure . : DA variation as a function of the beam-wire distances and the wire currents for the -LHC Run .

Figure . :

 . Figure . : Optimal currents required in the wires in order to compensate the ( , )-( , ) RDTs as a function of the collimators opening. The collimators opening explored during the experimental campaign are shown with black dashed lines.

Figure . :

 . Figure . : Two di erent wire powering con gurations.

Figure . :

 . Figure . : Filling scheme used for the Low Intensity experiment. Only the rst bunch slots are displayed.

Figure . :

 . Figure . : Feed-forward system for the Low Intensity experiment. The quadrupoles strengths variation is given as a function of the wires currents.

Figure . :

 . Figure . : Residual tunes shifts after powering the wires and their feed-forward as a function of the wires currents, for the Low Intensity experiment.

Figure

  Figure . : β-beating induced by the wires and their feed-forward in the Low Intensity experiment.

  Figure . : th -axis collimator (Wire R ) alignment: BPM signal as a function of the th -axis position. The dots represent the measurement while the solid lines are the second order polynomial ts. The maximum of each parabola is indicated by a cross.

Figure . :

 . Figure . : Experiment objective: expected evolution of the e ective cross-section and burn-o (BO) e ciency.

Figure . :

 . Figure . : Low Intensity experiment results: evolution of the e ective cross-section (top plot) and the wires currents (bottom plot) in time. The background coloring of the top plot shows the evolution of the half crossing angle.

  , c /2 = 150 rad, x, y = 15 (Q x , Q y ) = (62.31, 60.32), N b = 1.15E11 Wires OFF (Min DA = 4.34) Wires ON (Min DA = 5.46) Wire L1 (7.42 mm, 350 A) Wire R1 (7.30 mm, 320 A) Wire L5 (8.24 mm, 190 A) Wire R5 (7.15 mm, 340 A)

Figure . :

 . Figure . : Dynamic aperture in the con guration space for the Low Intensity experiment.

  Figure . : Tune footprints for the Low Intensity experiment.

  (Q x , Q y ) = 62.31, 60.32, No Wire x, y = 15, I MO = 0 A, (Q x , Q y ) = 62.31, 60.32, Wires ON x, y = 15, I MO = 0 A,

Figure . :

 . Figure . : Dynamic aperture as a function of the half crossing angle and the bunch population, with and without wire compensation, in the case of the Low Intensity experiment. Iso-DA lines are shown in black.

Figure . :

 . Figure . : Evolution of the dynamic aperture as a function of the choice of the tune working point. The red crosses signal missing points. The red star shows the nominal working point while the green one shows the optimal one. The green lines are the iso-DA.

  (Q x , Q y ) = 62.31, 60.32, N b = 1.15E11 p x, y = 15, c /2 = 150 rad,

Figure . :

 . Figure . : Dynamic aperture variation as a function of the Landau octupoles and wires currents. The red star shows the Low Intensity experiment con guration while the black one shows the operational one. The green box corresponds to the best DA con gurations.

Figure . :

 . Figure . : Filling scheme used for the High Intensity experiment. Only the rst bunches slots are displayed.

Figure . :

 . Figure . : Feed-forward system for the High Intensity experiment. The quadrupoles strengths variation is given as a function of the wires currents.

  Figure . : Residual tunes shifts after powering the wires and their feed-forward for the High Intensity experiment.

Figure

  Figure . : β-beating induced by the wires and their feed-forward in the High Intensity experiment.

  Figure . : E ect of the Wire R on the betatron tunes at injection energy.

Figure . :

 . Figure . : Validation of the feed-forward system: quadrupoles and wires currents as a function of time.

  Figure . : E ect of the wires and their feed-forward on the horizontal and vertical tunes.

Figure . :

 . Figure . : Overview of the High Intensity experiment in terms of beam intensity, energy, Landau octupoles current (bottom plot, blue and orange solid lines) and half crossing angle (bottom plot, black solid line).

Figure . :

 . Figure . : High Intensity experiment results: dBLM bunch-by-bunch losses as a function of time. The top background coloring shows the half crossing angle evolution while the bottom coloring shows the on/o wires cycles.

  , (Q x , Q y ) = 62.31, 60.32 N b = 1.15 p, x, y = 7, c /2 = 150 rad Wires OFF (Min DA = 4.14) Wires ON (Min DA = 4.90) Wire L1 (9.83 mm, 350 A x 2) Wire L5 (11.1 mm, 350 A x 2)

Figure . :

 . Figure . : Dynamic aperture in the con guration space for the High Intensity experiment.

  Figure . : Tune footprint for the High Intensity experiment.

  Figure . a shows the DA evolution as a function of the half crossing angle and the bunch population. This plot is similar to Figure . a (wires o ) as the only di erence corresponds to the chosen chromaticity ( instead of ).

  (Q x , Q y ) = 62.31, 60.32, No Wire x, y = 7, I MO = 0 A, (Q x , Q y ) = 62.31, 60.32, Wires ON x, y = 7, I MO = 0 A,

Figure . :

 . Figure . : Dynamic aperture as a function of the half crossing angle and the bunch population, in the case of the High Intensity experiment. The plain black lines are iso-DA lines.

Figure . :

 . Figure . : Variation of the dynamic aperture as a function of the choice of the tune working point. The red crosses signal missing points. The red star shows the nominal working point while the green star shows the optimal one. The black plain lines are the iso-DA lines.

  (Q x , Q y ) = 62.31, 60.32, N b = 1.15E11 p x, y = 7, c /2 = 150 rad,

Figure . :

 . Figure . : Dynamic aperture variation as a function of the Landau octupoles and wires currents. The red star shows the High Intensity experiment con guration and the black star the operational one. The best DA con gurations are shown in the green box.

  Figure . : Comparison of the tune footprints obtained without wires and without octupoles and the one obtained with wires and negative octupoles currents

Figure

  Figure . : β-functions at an octupole, from the arc , location, as a function of the tele-index.

  rad, x, y = 15, I MO = 350 A, N p = 1.15E11 Pre-Squeeze, * = 40 cm Tele-Squeeze, * = 10 cm

Figure . :

 . Figure . : Tune spread induced by the Landau octupoles, powered at + A, for a tele-index of and (in blue and red respectively).

Figure . :

 . Figure . : Filling scheme used for the Fill . Only the rst bunch slots are displayed.

Figure . :

 . Figure . : Overview of the Fill . Top plot: beams intensities (blue and red lines) and energy (black line) as a function of time. Middle plot: Landau octupoles currents (orange and blue lines) and half crossing angle (black line) as a function of time. Bottom plot: beams' lifetime (in blue for B and red for B ) as a function of time. The background coloring shows the di erent beam modes.

  Figure . : E ective cross-section of a selection of bunches of Beam and Landau octupoles current as a function of time.

  Figure . : E ective cross-section of a selection of bunches of Beam and Landau octupoles current as a function of time.

  Figure . : Filling scheme used for the Fill .

Figure

  Figure . : Overview of the Fill . Top plot: beams intensities (blue and red lines) and energy (black line) as a function of time. Middle plot: Landau octupoles currents (orange and blue lines) and half crossing angle (black line) as a function of time. Bottom plot: beams' lifetime (in blue for B and red for B ) as a function of time. The background coloring shows the di erent beam modes.

  I MO = -570 A, * = 35 cm (r Tele = 2.86)

Figure . :

 . Figure . : Evolution of the beams lifetime and of the half crossing angle as a function of time.

Figure . :

 . Figure . : Filling scheme used for the Fill .

Figure . :

 . Figure . : Overview of the Fill . Top plot: beams intensities (blue and red lines) and energy (black line) as a function of time. Middle plot: Landau octupoles currents (orange and blue lines) and half crossing angle (black line) as a function of time. Bottom plot: beams' lifetime (in blue for B and red for B ) as a function of time. The background coloring shows the di erent beam modes.

  Figure . : Evolution of the beams lifetime as a function of time. The half crossing angle evolution is shown with the background coloring.

  Figure . : E ective cross-section of a collection of Beam bunches and Landau octupoles current as a function of time.

Figure . :

 . Figure . : Schematic view of the beam footprint in the vacuum chamber of the Inner Triplet for round optics (on the left) and at optics (on the right). Both IR (top plots) and IR (bottom plots) are illustrated. Courtesy of S. Fartoukh.

Figure . :

 . Figure . : Filling scheme used for the Fill . Only the rst bunch slots are displayed.

Figure . :

 . Figure . : Overview of the Fill . Top plot: beams intensities (blue and red lines) and energy (black line) as a function of time. Middle plot: Landau octupoles currents (orange and blue lines) as a function of time. Bottom plot: beams' lifetime (in blue for B and red for B ) as a function of time. The background coloring shows the di erent beam modes.

  = 60/15 cm, c /2 = 130 rad

Figure . :

 . Figure . : Beam and Beam lifetimes together with the Landau octupoles current as a function of time, at θ c /2 = µrad.

  = 60/15 cm, c /2 = 130 rad

Figure . :

 . Figure . : Evolution, in time, of the e ective cross-section of a collection of bunches included in the BCMS train of Beam , during the octupoles current scan at θ c /2 = µrad.

Figure . :

 . Figure . : Evolution, in time, of the e ective cross-section of a collection of bunches included in the BCMS train of Beam , during the octupoles current scan at θ c /2 = µrad.

  = 60/15 cm, c /2 = 100 rad

Figure . :

 . Figure . : Beam and Beam lifetimes together with the Landau octupoles current as a function of time, at θ c /2 = µrad.
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Figure . :

 . Figure . : Evolution, in time, of the e ective cross-section of a collection of bunches included in the BCMS train of Beam , during the octupoles current scan at θ c /2 = µrad.

  Figure . : Evolution, in time, of the e ective cross-section of a collection of bunches included in the BCMS train of Beam , during the octupoles current scan at θ c /2 = µrad.

  = 0.05 m/h & V = 0.10 m/h | Leveling at 2.0×10 34 Hz/cm 2 N 1, 2 = 1.80×10 pbb, /2 = 109 rad, nb = 2736, * 0 = 1.0 m, x, y n = 2.50 m, bOff = 110 mb, inel = 81 mb

Figure . :

 . Figure . : First performance estimates for the LHC operation during the next LHC Run . From left to right, and from top to bottom: evolution of the beam intensity, horizontal and vertical emittances, bunch length, half crossing angle, β * , pileup, instantaneous luminosity, integrated luminosity and integrated luminosity per h, as a function of time.

Figure . :

 . Figure . : Schematic view of the LHC ring con guration during the LHC Run . Beam is represented in blue while Beam in red. Two out of the four B wire compensators are now installed on B .

Figure

  Figure . : Comparison of the β-functions around IP for B , between Run and Run .

Figure

  Figure . : Tune feed-forward implementation using the two Q quadrupoles in the case of Beam : quadrupoles strengths variation as a function of the wires current.

Figure

  Figure . : E ect of the wire compensators and their feed-forward system for the next LHC Run : residual tune shifts as a function of the wires current.

Figure . :

 . Figure . : Maximum β-beating induced by the wires and their feed-forward system, as a function of the wires current, in the case of Beam .

  Figure . : Residual tune shifts with the wires on as a function of the tele-index (Beam case).

Figure . :

 . Figure . : Proposal for the wires ramping time.

  c = 158 rad, (Q x , Q y ) = 62.31, 60.32 x, y = 15, I MO = +350 A, = 30 cm, N p = 1

Figure . :

 . Figure . : DA variation as a function of the wire currents for the LHC Run . The wire collimators are opened at . σ

  Figure . : Sanity checks for the tracking simulations in the context of the LHC Run : tunes and chromaticities as a function of the wires currents.

  Figure . : Dynamic aperture in the con guration space, for di erent con gurations (no wires, wires in IR or IR only, and wires in both IRs).

Figure . :

 . Figure . : Tune footprints, for di erent con gurations (no wires, wires in IR or IR only, and wires in both IRs).

  c = 158 rad, No Wire x, y = 15, IMO = +350 A, = 30 cm, Np = 1

  Figure . : Dynamic aperture as a function of the horizontal and vertical tunes, with and without wire compensation, for the LHC Run .

  Figure . : Sanity checks for the tracking simulations in the context of the LHC Run : computed tunes and chromaticities as a function of the chosen horizontal and vertical tunes.

  c = 158 rad, (Q x , Q y ) = 62.31, 60.32 x, y = 15, = 30 cm, N p = 1

Figure . :

 . Figure . : DA variation as a function of the wires and the Landau octupoles currents. Iso-detuning lines are also displayed in red (horizontal), blue (vertical) and green (cross anharmonicities). The red star shows the best DA con guration while the green star shows the con guration where both horizontal and vertical detuning cancel out.

  the A coe cients are the detuning coe cients from the wires, normalized by their currents, the α coe cients are the detuning coe cients from the octupoles, normalized by their current, the LR coe cients are the ones from the BBLR interactions andI D/F M O = I D M O = I F M Oin the case of the LHC. From this system of equations, one gets:

  Figure . : Tune footprints without compensation, for the linear detuning cancellation, and for the best DA con guration.

Figure

  Figure . : RMS-like detuning due to the wires and the Landau octupoles.

  Figure . : Knob proposal to maintain the detuning constant while inverting the octupoles polarity: wires and Landau octupoles currents as a function of time.

Figure

  Figure . : Residual RMS-like while inverting the octupoles polarity, with the use of the wires.

  possible parameters, the most interesting from a BBLR compensation point of view are the Landau octupoles current and the beam-wire distances. The rst one has been discussed in the previous Section. It has in fact been shown that negative octupoles would help the BBLR mitigation process. The second one is dealt with in this Section. The possibility of tighter collimation settings is, in fact, under investigation for the LHC Run [ ].

  (Q x , Q y ) = 62.31, 60.32, No Wire x, y = 15, I MO = +350 A,

Figure . :

 . Figure . : Dynamic aperture as a function of the half the crossing angle and the bunch population, at the end of the βleveling, without the use of the wire compensation.

  (Q x , Q y ) = 62.31, 60.32, I w1 /I w5 = 350/300 A x, y = 15, I MO = +350 A,

Figure . :

 . Figure . : Dynamic aperture as a function of the half the crossing angle and the bunch population, at the end of the βleveling, with the use of the wire compensators.

  One can thus reproduce the wire current scan presented in Figure., with negative octupoles, and the wire collimators closed at . σ coll . The corresponding results are presented in Figure.. c = 158 rad, (Q x , Q y ) = 62.31, 60.32, Coll. at 7.5x, y = 15, I MO = -350 A, = 30 cm, N p = 1

Figure . :

 . Figure . : Dynamic aperture variation as a function of the wire currents, with negatives octupoles and reduced wire collimators gap.

  (Q x , Q y ) = 62.31, 60.32, I w1 /I w5 = 125/200 A x, y = 15, I MO = -350 A, = 30 cm, Coll. At 7

Figure . :

 . Figure . : Dynamic aperture as a function of the half the crossing angle and the bunch population, at the end of the βleveling, with negative octupoles, and reduced wire collimators gap.

  c = 158 rad, (Q x , Q y ) = 62.31, 60.32 x, y = 15, I MO = +350 A, = 30 cm, N p = 1

Figure . :

 . Figure . : Dynamic aperture as a function of a horizontal and vertical th -axis misalignment.

  Figure . a and . b show the expected tune shifts, computed with MAD-X, for a misalignment of the wires in IR and IR respectively.

Figure . :

 . Figure . : E ect of a misalignment of the th -axis on the horizontal (in blue) and the vertical (in red) tunes ( -jaws powering con gurations, collimators opened at . σ).

  Figure A. . 

  Results and Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Numerical Validation of the Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . BBLR Mitigation with High Intensity Beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Experiment Preparation and Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . Results and Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Numerical Validation of the results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Squeeze and its By-Products . . . . . . . . . . . . . . . . . . . . . BBLR mitigation at low crossing angle . . . . . . . . . . . . . . . . . . . . . . . . . . . Mitigation of the BBLR Interactions For Flat Optics . . . . . . . . . . . . . . . . . . . . . . . . . Flat optics for (HL)-LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mitigation of the BBLR interactions using the Landau octupoles . . . . . . . . . . . . . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Foreseen Operational Scenarios and Performances Estimates . . . . . . . . . . . . . . . . . LHC Run : objectives and challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . First performance estimates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wire compensators: change of layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . Numerical Optimization of the Wire Compensators Settings . . . . . . . . . . . . . . . . . . . . Wire Compensators in the Nominal Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Dynamic Aperture and wire currents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Tune scans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wire compensation and Landau octupoles . . . . . . . . . . . . . . . . . . . . . . . . . . Bunch intensity and crossing angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Exploring the Potential of the Wire Compensators . . . . . . . . . . . . . . . . . . . . . . . .

	C . M . The Achromatic Telescopic T BBLR I BBLR O . Run :	L W	C	O	U	DC W	LHC LHC R LHC

W C S LHC . The Experimental Setup in the LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Magnetic Field of a DC Wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The LHC Wire Compensators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . BBLR Compensation and Tune Footprint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . BBLR and Resonance Driving Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Compensation Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wires Settings in an Ideal LHC Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wire Settings for the LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wires Powering Con gurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Low Intensity Experiment: Proof-of-Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . Experiment Preparation and Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mitigation of the BBLR Interactions For Round Optics . . . . . . . . . . . . . . . . . . . . . . . Objectives of the experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . BBLR mitigation, octupoles and crossing angles . . . . . . . . . . . . . . . . . . . . . ix Contents . . . Hardware Non-Idealities and Consequences for the HL-LHC Era . . . . . . . . . . . . . . . . . . E ect of a

  . . . . . . . . . . . . . . . . . BBES of di erent bunches of B . The number of BBLR encounters is given per side of IP (left/right). . Longitudinal positions of the wires with respect to the IPs. . . . . . . . . . . . . . . . . . . . .

.

Wire settings during the Low Intensity experiment. The beam-wire distance is algebraic and given with respect to the Beam reference system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . Expected wire induced tune shifts for the Low Intensity experiment. . . . . . . . . . . . . . . . . Wire settings during the High Intensity experiment. The mention "x " indicates that the -jaw powering con guration is used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Expected wire induced tune shifts for the High Intensity experiment. . . . . . . . . . . . . . . . . Wires settings for the next LHC Run . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Maximum expected wire induced tune shifts during the next LHC Run . . . . . . . . . . . . . . Simulations parameters for the nominal operation of the wire compensators in the LHC Run . . Beam-wire distances as a function of the collimator opening. . . . . . . . . . . . . . . . . . . . B. List of the LHC lls considered for the experimental campaign . . . . . . . . . . . . . . . . . . xvii

Table . :

 . List of the LHC injectors and their main parameters during the -LHC Run. The given energies are the kinetic ones.

  Table . compares the baselines of the LHC and the HL-LHC [ ].

Table . :

 . Comparison of the LHC and HL-LHC baseline parameters.

We consider only BBLR interactions per IP and per side. Bunch HO IP HO IP HO IP HO IP LR IR LR IR LR IR LR IR
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				Figure . : An example of lling scheme in the LHC.		
	determine the beam-beam collision schedule or Beam-Beam Encounter Schedule (BBES). With the lling scheme
	presented in Figure . , each beam is composed of		bunches, producing	HO collisions in IP / ,	in
	IP , and	in IP . But one can also obtain the beam-beam collision schedule of each individual bunch. A zoom
	on the rst	bunches of the same lling scheme is given in Figure . .			
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				Figure . : Zoom on the rst	bunches of the lling scheme.		
	Given this lling scheme, Table . gives the BBES of three di erent bunches of B , represented by black dashed
	lines on Figure . . /	/	/	/
							/	/	/	/
							/	/	/	/

Table . :

 . BBES of di erent bunches of B . The number of BBLR encounters is given per side of IP (left/right).

Table . :

 . Expected wire induced tune shifts for the Low Intensity experiment.

Table . :

 . Expected wire induced tune shifts for the High Intensity experiment.

  High Intensity experiment results: beams losses, octupoles current (top plot), wires currents and beams' intensities (bottom plot) as a function of time. In the top plot, the top background coloring shows the evolution of the half crossing angle while the bottom part coloring shows the on/o (greed/red, respectively) cycles of the wires.
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	Figure . :							

  in [ ].The results of the experiments obtained in and and reported in Chapter have demonstrated the possibility to mitigate the BBLR interactions with DC wires, installed on Beam . Despite the original choice of settings -

						. Run : Foreseen Operational Scenarios and Performances Estimates
	Intensity [10 11 ppb]	0.6 0.8 1.0 1.2 1.4 1.6 1.8	0 5 10 20 25 30 35	n [ m]	2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85	0 5 10 15 20 25 30 35 n, X n, Y	Bunch Length [ns]	1.000 1.025 1.050 1.075 1.100 1.125 1.150 1.175 1.200	0 5 10 15 20 25 30 35

W

Table . :

 . Wires settings for the next LHC Run .

Table . :

 . Simulations parameters for the nominal operation of the wire compensators in the LHC Run chapters, only Beam is tracked. However, di erently than in the previous simulations results, we consider hereby HO collisions and BBLR interactions in all the four IPs.

	Parameter	Symbol Reference value
	Bunch Intensity	N b	. ×	p
	β-function at the IP	β *	cm
	Tele-Index	r T ele	.	
	Half crossing-angle	θ c /2	µrad
	Tunes	Q x , Q y	. , .
	Chromaticities	ξ x,y		
	Octupole Current	I M O	+	A
	Wire Coll. Opening		. σ coll
	Number of turns		6	

Opening Wire IR Wire IR

  

	. σ coll	. mm	. mm
	. σ coll	. mm	. mm

Table . :

 . Beam-wire distances as a function of the collimator opening.

As x and sin(θ c /2) are both small, we drop all the terms s k sin l (θ c /2) and x k sin l (θ c /2), for k + l ≥ 4. Moreover, we approximate sin(θ c /2) to θ c /2. After integration, we obtain: . ) Assuming that the RMS bunch length is much larger than the transverse beam size (which is a valid assumption for the (HL)-LHC), and considering N b collisions in the considered IP, the nal formula for the luminosity is obtained, as in the Introduction: . ) The impact of the crossing angle is shown in Figure . in the Introduction.

B L LHC

We report in this Appendix the fully detailed list of the LHC lls considered for the experimental campaign. Table B. reports this list together with the beams intensities at injection and energies, the wire collimators opening, the reason of the beam dump, the date of the ll and some eventual comments.