
First experimental evidence of a beam-beam long-range compensation
using wires in the Large Hadron Collider

A. Poyet *

CERN, Geneva 1211, Switzerland and Grenoble-Alpes University, 38400 Saint-Martin-d’Héres, France
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In high intensity and high energy colliders, such as the CERN Large Hadron Collider (LHC) and its
future high-luminosity upgrade, interactions between the two beams around the different interaction points
impose machine performance limitations. In fact, their effect reduces the beam lifetime, and therefore, the
collider’s luminosity reach. Those interactions are called beam-beam long-range (BBLR) interactions, and
a possible mitigation of their effect using dc wires was proposed for the first time in the early 2000’s. This
solution is currently being studied as an option for enhancing the HL-LHC performance. In 2017 and 2018,
four demonstrators of wire compensators have been installed in the LHC. A 2-yearlong experimental
campaign followed in order to validate the possibility to mitigate the BBLR interactions in the LHC.
During this campaign, a proof-of-concept was completed and motivated an additional set of experiments,
successfully demonstrating the mitigation of BBLR interactions effects in beam conditions compatible with
the operational configuration. This paper reports in detail the preparation of the experimental campaign,
including the corresponding tracking simulations and the obtained results, and draws some perspectives for
the future.
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I. INTRODUCTION AND MOTIVATIONS

In modern particle accelerators, the study of nonlinear
effects that can possibly have a detrimental impact on the
machine performance is of primary importance. In col-
liders, the interactions between the two beams are part of
those limitations. Machines, such as the Large Hadron
Collider (LHC) [1] at CERN, or its upgrade, the High-
Luminosity LHC (HL-LHC) [2], aim at accelerating and
colliding two counterrotating hadron beams at their inter-
action points (IPs) where massive particle detectors are
located. The two beams circulate through a series of
superconducting magnets in two different vacuum cham-
bers, separated horizontally by 19.4 cm. Due to the high
number of bunches and their short time separation of 25 ns,
the two beams collide with a crossing angle so that they do
not collide outside the detector, which would reduce its
efficiency [3] and the beam lifetime.

After the recombination dipole, the two vacuum chambers
come closer to each other, before turning into a single one
before the separation dipole. In between the two separation
dipoles, the two beams get closer to each other while
approaching the center of the detector. At the IP, the two
beams collide in the luminous region [4], resulting in ahead-
on interaction, responsible for producing the high energy
interaction events of interest. The proportionality factor
between the event rate and the cross section of such an
event is called instantaneous luminosity (denoted with L)
and is typically measured in Hz=cm2. Obtaining a closed
form for the luminosity is not trivial as different effects have
to be taken into account. From [5], one can get the expression
of the instantaneous luminosity produced by the collisions of
two bunches with the same transverse Gaussian distribution
(σx, σy) (which is a valid assumption for theLHCand theHL-
LHC [6,7]), for a given crossing angle θc in the crossing
plane and the beams and machine parameters:

L ¼ N1N2frevNb

4πσxσy

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½σsσx tanð

θc
2
Þ�2

q ; ð1Þ

whereNi (i ¼ 1, 2) is the bunch intensity of the beam i, frev
the revolution frequency,Nb the number of collidingbunches
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at the considered IP, σx;y the rms transverse beam size at the,
IP and σs the rms bunch length. In Table I, the beam and
machine design parameters for the LHC1 and HL-LHC [8]
are reported.
The HL-LHC overall performance can be evaluated

through the integrated luminosity, typically measured in
fb−1 (1 barn ¼ 10−24 cm2), which is the integral over a
time interval (generally a year of operation) of the instanta-
neous luminosity defined previously. Optimizing the inte-
grated luminosity, therefore, requires to: (i) improve the
bunches overlap at the IP in order to produce the maximum
number of collisions, (ii) avoid beam losses in order to
maintain a good beam lifetime [9,10], and (iii) increase the
integration time by improving the availability of the
machine and by reducing the commissioning time.
Concerning (i), one can see from Eq. (1) that the

instantaneous luminosity can be improved by reducing
the crossing angle. However, by doing so, the beam
separation is further reduced in the recombination region,
in between the two separation dipoles. In the case of proton
beams, this would lead to stronger interactions between the
two beams as they both create nonlinear electromagnetic
fields. Those interactions, occurring at a different longi-
tudinal position around the IP, are called beam-beam long-
range (BBLR) interactions. They are one of the main
machine performance limitations as they induce beam
losses leading to a reduction of the beam lifetime
(ii) [11]. As one can see in Table I, the normalized
beam-beam separation in the high-luminosity interaction
regions (IR1 and IR5), which is the beam-beam separation

given in terms of rms transverse beam size σ ¼ σx;y, is 9.4σ
for the nominal LHC and 10.5σ for HL-LHC. To recover
the luminosity reduction due to a larger crossing angle, the
HL-LHC will be equipped with the so-called rf crab
cavities [12–14]. The crab cavities introduce a closed-orbit
dependency on the longitudinal position within the bunch,
allowing for a maximization of the bunches overlap at the
IP. With a 10.5σ beam-beam separation, but a doubled
bunch intensity, the effect of the BBLR interactions is
expected to be reduced, although not negligible [15]. A
proposed solution to cope with the residual BBLR inter-
actions and their possible implications is the use of direct
current (dc) wires to mitigate the detrimental effect of such
phenomena. Despite the specific hardware technical chal-
lenges for its alignment [16,17], the use of dc wire
compensators is comparable to the other magnets of the
machine lattice in terms of operation. Hence, its impact on
the machine availability (iii) is expected to be reasonable.
The original idea for wire compensators dates back

from the early 2000s, by observing the similarity of the
BBLR kick with the 1=r dependence of a kick given by a
dc wire [18,19]. The validity of this approximation is
improved with large beam-beam separations. After the
initial proposal, several experiments have been carried out,
installing and testing different types of wires in different
machines, such as the Relativistic Heavy Ion Collider [20]
at the Brookhaven National Laboratory, DAFNE [21] at the
Instituto Nazionale di Fisica Nucleare in Frascati, Italy, and
in the Super Proton Synchrotron at CERN [22,23].
In 2015, a semianalytical study adopting a resonances

compensation criterion to optimize the wires’ position and
current was carried out [24], assuming the weak-strong
approximation [25,26]. It was shown first in [27] and then
in [24] that the nonlinear kicks due to the distributed BBLR
interactions could be approximated by two equivalent
kicks, one on each side of the IP. This equivalence relies
on the fact that with the present (HL)-LHC layout, all the
BBLR interactions of a given IR are in phase. The very high
β-functions in the IR ensure an almost constant phase
advance on both sides of the IP, while a phase jump of π
occurs at the IP. All the contributions can, therefore, be
summed in phase, and the two equivalent kicks can be
computed accordingly. These two kicks can be compen-
sated locally (in terms of phase advance) with dc wires.
These wires are assumed to be installed at the same
physical transverse distance from the beam and located
at a specific aspect ratio βx=βy. It was shown [24] that two
wires per IR (one on each side of the IP, installed
symmetrically) correctly dimensioned could compensate
or minimize all the resonance driving terms (RDT) gen-
erated by the BBLR interactions.
This result, together with the fact that the HL-LHC

performance might still be limited by the BBLR inter-
actions [28,29], motivated the construction and the instal-
lation of wire compensation demonstrators, embedded

TABLE I. Comparison of the LHC (nominal parameters) and
HL-LHC baseline parameters.

Parameters Nominal LHC HL-LHC

Energy (TeV) 7 7
Bunch spacing (ns) 25 25
Number of bunches 2808 2760
Number of collisions (IP1/5) 2808 2748
Bunch population (1011) 1.15 2.2
Total current (A) 0.58 1.11

β� (cm) 55 15
Full crossing angle θc (μrad) 285 500
Beam separation (σ) 9.4 10.5
Normalized transverse
emittance (μm)

3.75 2.5

Peak luminosity (w/o crab cavities)
(1034 Hz=cm2)

1.0 8.1

Leveled luminosity (1034 Hz=cm2) � � � 5.0
Leveling time (h) � � � 7.2

1The parameters for the LHC are the ones of the original design
report. The LHC was operated at an energy of 6.5 TeV during the
2017–2018 run 2.
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inside collimators, in the LHC. A 2-yearlong experimental
campaign followed the installation of the compensators,
and the main results are reported in this paper.
The wire demonstrators used in the experiments

together with their technical implementation are presented
in Sec. II. In Sec. III, the observables of the experimental
campaign together with the strategies adopted in order to
demonstrate the mitigation of the BBLR interactions using
wires are discussed. Some of the tracking simulations
results [15,30,31] are shown in Sec. IV. Finally, the results
of the beam measurements campaign are reported in Sec. V.

II. SETUP AND HARDWARE LAYOUT
FOR THE EXPERIMENT

In the LHC, the two beams collide in four different
IPs, around which detectors are installed. Two of those are
referred to as high-luminosity IPs, as they host multi-
purposed detectors requiring a large number of collisions.
Those experiments are ATLAS [32] in IR1 and CMS [33]
in IR5 and are diametrically separated in the machine. The
crossing angle is rotated by 90° between the two IPs,
which is vertical in IP1 and horizontal in IP5. The two
other experiments are located in the IP 2 and 8, where the
ALICE [34] and LHCb [35] detectors are, respectively,
installed. During the two winter technical stops of 2017
and 2018, demonstrators of BBLR wire compensators
have been installed in the LHC [16], around the two
high-luminosity IPs. The wires are installed for beam 2
only, as it was the only beam foreseen to operate with a
coronograph [36], which is a device allowing for transverse

beam halo measurements. Figure 1 shows the LHC ring
together with the different wires, denoted R1, L1, R5, and
L5. The naming corresponds to the IP side (left or right)
and number (IP1 and IP5). The longitudinal position of the
wires with respect to the nearest IP is given in Table II.

A. Magnetic field created by a wire

Let us consider a dc wire in free space. Since the
Cauchy-Riemann conditions are satisfied, the magnetic
field created by this wire can be written in the form of a
Taylor series [37,38] as

By þ iBx ¼
X∞
n¼0

ðbn þ ianÞ
ðxþ iyÞn

n!
; ð2Þ

where bn and an are the normal and skew components of
the nth multipole, respectively. We assume the center of
expansion (0, 0) to be the reference orbit of the weak beam.
The dipolar component of the expansion corresponds to
n ¼ 0. The integrated normal and skew components,
denoted Bn and An respectively, can be derived from
Eq. (2) [24]:

Bn þ iAn ¼
Z
wire

bn þ iands

¼ −
μ0ðILÞw

2π

n!
ð−xw − iywÞnþ1

; ð3Þ

where ðILÞw is the integrated current of the wire expressed
in Am, and ðxw; ywÞ gives the position of the wire
with respect to the reference orbit of the weak beam. In
MAD-X [39], as in the experiment, the weak beam is
assumed to be beam 2, while beam 1 is the strong beam.
A positive integrated current ðILÞw > 0 corresponds to a
current flowing in the positive s direction, which is the one
of beam 1.
Using Eq. (4), one can get an expression for the normal

and skew coefficients using the MAD-X convention. In MAD-

X, multipole coefficients are normalized by the beam
rigidity Bρ to obtain the normalized and integrated strength
of each normal and skew multipole (KNn and KSn,
respectively) as shown below:

FIG. 1. Out-of-scale schematics of the LHC ring configuration
during the 2017–2018 Run. Beam 1 (clockwise) is represented in
blue while beam 2 (anticlockwise) in red.

TABLE II. Longitudinal positions of the wires with respect to
the corresponding IPs.

Wire Distance from IP (m) Plane Collimator name

Wire L1 −176.17 V TCLVW.A5L1.B2
Wire R1 145.94 V TCTPV.4R1.B2
Wire L5 −150.03 H TCL.4L5.B2
Wire R5 147.94 H TCTPH.4R5.B2
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KNn ¼
Bn

Bρ
; ð4aÞ

KSn ¼
An

Bρ
: ð4bÞ

Finally and using the previous equations, the expression of
the nth-multipole strengths for a dc wire is given by

KNn ¼ −
n!
Bρ

μ0ðILÞw
2π

ℜ
�

1

ð−xw − iywÞnþ1

�
ð5aÞ

KSn ¼ −
n!
Bρ

μ0ðILÞw
2π

ℑ

�
1

ð−xw − iywÞnþ1

�
: ð5bÞ

B. Hardware technical implementation

1. Wires in collimators

Differently from previous wire experiments, the wire
demonstrators installed in the LHC are embedded in
collimators [16,40,41]. The LHC collimation system is
designed on a multistage hierarchy. Primary and secondary
collimators are located in both IR3 and IR7 of the machine,
while tertiary collimators are also located around the
different IPs in order to locally protect the inner triplet
and the experiments [42]. The wires are housed inside the
tungsten jaws of tertiary collimators in the IRs 1 and 5, on
beam 2. Figure 2 shows one of the four wire collimators
currently installed in the LHC tunnel.
Each wire collimator contains two wires, one per jaw.

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
20 μm. Its transverse position is thus constrained by the
collimation hierarchy. The wires should, therefore, always

sit in the shadow of the primary and secondary collimators.
Due to the design constraints, the wires’ center is located
3 mm behind the jaw of the corresponding collimator. The
resulting beam-wire distances are reported in Tables III and
IV for the different sets of experiments. Finally, the wire
collimators have to be aligned with the beam, as a
misalignment of the wires would result in a modification
of the magnetic field experienced by the beam. The
corresponding procedure is reported in Appendix A.

2. Wire powering configurations

Each wire can carry up to 350 A, which might not be
enough for the compensation, depending on the beam-wire
distance. An idea, in order to enhance the wire effect,
consists of recabling the two wires of a collimator in series
such that they have the same polarity. By doing so, the odd
multipolar strengths are doubled while the even ones cancel
out. This choice is motivated by the need for a compensa-
tion of the octupolar resonances as they represent the first
high order effect that is not self-compensated. The two
possible configurations are summarized in Fig. 3.

3. Compensation of the wires linear effects

In the LHC, the orbit and tune effects from the BBLR
interactions, averaged along the different bunches of the
beam, are taken into account for the overall optimization
during machine operation [43]. The orbit distortion can be
compensated using horizontal and vertical orbit correctors.
Most of the BBLR-induced tune shift self-compensates as
the crossing planes are inverted between the two high-
luminosity IPs and the optics are symmetric. The wire
compensation has to address only the nonlinear effects due
to the BBLR interactions, and the wires linear effects have

FIG. 2. Wire collimator currently installed in the LHC tunnel on
the left side of IP5 (L5).

TABLE III. Wire settings during the low intensity experiment.
The beam-wire distance is given with respect to the beam 2
reference system.

Wire Beam-wire distance (mm) Current (A)

L1 −7.41 350
R1 7.42 320
L5 −7.15 190
R5 8.24 340

FIG. 3. Two different wire configurations were used during the
experimental campaign.
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to be compensated. The LHC closed orbit feedback [44] is
routinely active during the operation of the machine at top
energy and is assumed to compensate for the wire dipolar
effect if the 1-jaw powering configuration is used. This
assumption has been verified experimentally [17].
However, the LHC tune feedback [44] is not active while
the beams are colliding. It is, therefore, needed to imple-
ment a dedicated tune feed forward to compensate for the
tune shift induced by the wires as it can reach the 10−2

level, which is not acceptable for operation.
In order to avoid an important β-beating wave propa-

gating along the machine, a feed-forward correction is
implemented using the nearby quadrupoles for each wire,
named Q4 and Q5 [1], such that we have

ΔQw
x ¼ −ΔQQ4

x − ΔQQ5
x ; ð6aÞ

ΔQw
y ¼ −ΔQQ4

y − ΔQQ5
y ; ð6bÞ

where ΔQx;y represents the horizontal or vertical tune shift
induced by the wires (superscript w) and the nearby
quadrupoles Q4 or Q5. Assuming each wire to be aligned
with the beam and considering each wire independently,
those quantities can be defined as

ΔQw
x;y ¼ ∓ μ0ðILÞw

8π2Bρ

βwx;y
d2w

;

ΔQQi
x;y ¼ � βQi

x;yðΔKLÞQi

4π
; ð7Þ

where dw is the transverse beam-wire distance, and
ðΔKLÞQi is the variation of the integrated strength of the
quadrupole Qi. In Eq. (9), the 1-jaw powering configura-
tion is assumed. The tune feed forward can be obtained for
the 2-jaw configuration by multiplying the wire-induced
tune shifts by a factor of 2.
The current LHC uses the so-called achromatic telescopic

squeeze (ATS) [45] optics. It consists of using the matching
quadrupoles of the considered IR to reach a β� ranging from
40 cm to 1 m, depending on the chosen optics while the final
β� is reached using the matching quadrupoles located in the
nearby interaction regions. Using the ATS scheme, the
luminosity leveling is based on a progressive β� reduction
along the fill. This β� leveling has already been used during
the LHC run 2, will continue to be used during the next LHC
Run 3, and is foreseen as baseline for the HL-LHC. During
this leveling, the product between β� and the β-functions at
any point of the considered IR in between the two Q5
quadrupoles remains almost constant:

β�i βðsÞ ∼ CstðsÞ ∀ s∈ ½Q5.Li;Q5.Ri�; ð8Þ

where i ¼ 1, 5 is the IR number. The advantage of this ATS
property is that theBBLR compensation problem scaleswith

β�, consequently requiring a unique feed-forward system
during the entire β-leveling.
The set of Eq. (6) can be applied independently to each

wire and their nearby quadrupoles. The goal is then to find
a linear relation between the integrated strength variation
ðΔKLÞQi of each quadrupole and the wire parameters
ðIw; dwÞ. We have for each wire:

ðΔKLÞQ4 ¼ αQ4 ·
Iw
d2w

; ð9aÞ

ðΔKLÞQ5 ¼ αQ5 ·
Iw
d2w

: ð9bÞ

Using MAD-X, one can find the α coefficients for the
different configurations of the experiment. The β-beating
induced by the wires and their feed-forward system is
negligible with respect to the β-beating induced by the
beam-beam effects in the LHC, depending on the chosen
optics. More details about the β-beating study carried out
for the wire compensation can be found in Appendix B.
These coefficients can also be found analytically from
Eq. (9) in the perturbative approximation, neglecting the
residual β-beating, and the obtained results are consistent
with the numerical ones, as the residual β-beating is
negligible.

III. EXPERIMENT’S PROCEDURE

A. LHC typical cycle and filling scheme

In the LHC, the beams are structured according to a
given filling scheme and are generally composed of trains
of 144 or 288 bunches [46]. In the following, we assume
that the two beams collide in IP1 and IP5 only, as the β� and
crossing angle are larger in the two other IPs, leading to a
negligible effect of the BBLR interactions. With a given
beam structure, one can determine the so-called beam-
beam collision schedule of a bunch. Depending on its
location within a train, a bunch will encounter one or none
partner bunches at the IP under the form of an HO collision
and experience a number of BBLR interactions depending
on its position. A bunch located in the center of a train will
experience more BBLR interactions than a bunch located at
the extremity of the same train.
Once the filling scheme is chosen, the machine is setup

for injection, the beams are injected, and the energy is
ramped from 450 GeV up to 6.5 TeV. The two beams are
then squeezed to the desired β� and brought into collisions.
The BBLR compensation experiments took place at
this stage.

B. Observables and objectives of the experiment

In an ideal collider, the main mechanism responsible for
the beam losses during the collision is the luminosity burn-
off: the particles are lost while producing collisions at the
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interaction point. Considering one IP, the burn-off decay
time constant is given by [47]

τb0 ¼
N0

L0σtot
; ð10Þ

where N0 and L0 are the initial bunch intensity and
luminosity, respectively. σtot is the total proton–proton
physical cross section. It has the dimension of a surface
and can be defined, for an ideal collider, as

σtot ¼ σinel þ σel; ð11Þ

where σel and σinel are the elastic and inelastic cross
section, respectively. At 6.5 TeV, σel ∼ 30 mb and σinel ∼
80 mb [48,49]. 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 elastic
part being mostly responsible for the emittance blowup.
The intensity decay of the considered proton beam can then
be defined, for an ideal collider, as

NðtÞ ¼ N0

1þ t=τb0
: ð12Þ

However, in a real machine, beam losses can be caused by
different mechanisms, other than the luminosity produc-
tion. BBLR interactions, electron cloud effects or beam-gas
interactions are some examples of sources for beam losses.
In the LHC, beam losses can be quantified by monitoring

the beam intensity evolution. This can be done using the
beam current transformers (BCTs) [50] or the fast BCT
(FBCT) [51], which provides a bunch-by-bunch intensity
measurement. Another way to monitor the beam losses and
their location, which is not accessible using the BCT or the
FBCT, is the use of the beam losses monitors (BLMs) [52].
Those devices give both a spatial and a time resolution of
the beam losses. Depending on their bandwidth, one can
distinguish the ionization chamber BLMs [53], which are
slower devices and give the averaged losses along the
bunches, and the diamond BLMs (dBLMs) [54], which are
faster and give bunch-by-bunch losses. By differentiating in
time the FBCT signal, one can obtain directly the beam
intensity loss rate dN=dt while the use of BLMs requires a
nontrivial calibration [55]. In order to exclude the luminosity
losses from the loss rate, one can normalize it to the
luminosity Ln measured in the detector n to obtain the
observable of interest for the experiment [47]: the effective
cross section, denoted σeff . As for the physical cross section,
it has the dimension of a surface and can be defined as

σeff ¼
1P

n∈ IPLn

dN
dt

; ð13Þ

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 defined only in colli-
sions, with a nonzero luminosity. The drawback of this
observable lies on the fact that it requires a precise estimate of
the FBCT signal derivative. This can yield a noisy signal and
calls for integration periods of several minutes.
In the case of an ideal collider, the effective cross section

is equal to the cross section of the proton-proton inelastic
collisions. However, in the presence of other beam loss
processes, reducing the beam lifetime, the effective cross
section is overestimated. This allows us to define a burn-off
(BO) efficiency, defined as the ratio between the physical
and the effective cross sections, as illustrated in Fig. 4.
If the effective cross section is measured at ∼80 mb, the

beam losses are exclusively due to the luminosity burn-off
and the corresponding BO efficiency reaches 100%.
However, if the effective cross section increases due to
additional losses, the BO efficiency is reduced; in Fig. 4, a
cross section of 160 mb corresponds, in fact, to a burn-off
efficiency of 50%.
The objective of the experiment consists of demonstrat-

ing that the wire compensators can bring back the BO
efficiency to 100% in the presence of BBLR interactions,
by comparing the effective cross-section of two bunches
with two different collision schedules: one bunch encoun-
tering a partner bunch via an HO collision only (denoted
HO bunch in Fig. 4) and one bunch encountering additional
partner bunches through BBLR interactions (denoted HO
+BBLR bunch in Fig. 4).
The experiments start in a burn-off dominated regime,

where the effect of the BBLR interactions is negligible
(e.g., with a large crossing angle). At this stage, the
effective cross section of the considered bunches are both
equal to ∼80 mb. The effect of BBLR interactions is then
enhanced by reducing the crossing angle or by increasing
the transverse beam size by a controlled transverse emit-
tance blowup [56]. Only an effect on the effective cross
section on the bunch experiencing the BBLR interactions
should be observed under the form of a loss spike followed
by a transient. Two diffusion mechanisms are at the origin

ef
f

FIG. 4. Illustrative example of the effective cross section and
the BO efficiency evolution in time, in an ideal BBLR wire
compensation case.
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of this phenomena. The first one consists of 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 first. After
some time, as the halo is fully depopulated, the losses
decrease and the effective cross section would return to the
80 mb level. However, as it will be seen later on with
the experimental results, the equilibrium reached after the
transient is not 80 mb but a higher value. This indicates a
second mechanism in which the BBLR interactions induce
a diffusion of the low amplitude particles (core). In this
case, the particles diffuse 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
80 mb level. Those mechanisms are well understood but
remain difficult to quantify and predict.
Once the BBLR interactions signature is identified, the

wires are turned on. If the proof-of-concept is valid, the
effective cross section of the bunch experiencing the BBLR
interactions is expected to return to the burn-off level,
successfully demonstrating the possibility of mitigating
BBLR interactions effects using dc wires.

C. Beam-wire transverse distance
and machine protection

Depending on the chosen machine configuration,
machine protection considerations impose the tertiary
collimators opening and, consequently, the beam-wire
distances [57]. Two types of experiments were, therefore,
carried out. A first set of experiment, denoted in the
following as low intensity (LI) experiment, used lower
intensity beams and reduced beam-wire distances. A
second set, denoted high intensity (HI) experiment, used
the operational collimators configuration, and it was con-
sequently possible to inject high intensity beams.

1. Low intensity experiment

The first set of experiments consisted of a proof-of-
concept of a possible mitigation of the BBLR interactions
effects using dc wires. In order to enhance the effective
strength of the wires, it was requested to close the wire
collimators down to 5.5 σcoll. The subscript “coll” refers to
the collimation sigma, corresponding to a normalized
emittance of 3.5 μm. The corresponding transverse
beam-wire distances are reported in Table III.
From a machine protection point of view, this required to

lower the intensity of the considered beam, namely beam 2,
under the limit of 3 × 1011 protons. Consequently, it was
decided to use the simplest filling scheme providing the
wanted collision schedule and only two bunches were used
for beam 2 while beam 1 could be composed of several
trains. Figure 5 shows the filling scheme used for the low
intensity experiment, where the LHC fill 7169 is taken as
an example.

Using this filling scheme, the first bunch of beam 2
would be the HO bunch encountering only one partner
bunch via an HO collision. The second one would be the
HOþ BBLR bunch also experiencing BBLR interactions.

2. High intensity experiment

The second set of experiments consisted of observing the
possible mitigation of the BBLR interactions effect in a
configuration compatible with the nominal LHC operation
settings. The collimators opening were, therefore, set
according to the nominal 2018 configuration for physics
production and the tertiary collimators were opened at
8.5 σcoll. The corresponding transverse beam-wire distan-
ces are reported in Table IV.
Only three out of the four wire collimators are opera-

tional. The collimator L1 is, in fact, not a tertiary colli-
mator. During the nominal operation of the LHC, its jaws
have to sit at a normalized distance larger than 15 σcoll. It
was not decided to use it as the expected effect of wires
located at such distance is weak. The L5 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.
With such collimator settings, it was possible, from a

machine protection point of view, to use a higher intensity
for beam 2, injecting several trains of bunches as for beam
1. Figure 6 shows the filling scheme used for the high

FIG. 5. Filling scheme used for the low intensity experiment.
Only the first 600 bunch slots are displayed.

TABLE IV. Wire settings during the high intensity experiment.
The beam-wire distance is given with respect to the beam 2
reference system. The mention “×2” indicates that the 2-jaw
powering configuration is used.

Wire Beam-wire distance (mm) Current (A)

R1 9.83 350 × 2
R5 11.10 350 × 2
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intensity experiment, where the LHC Fill 7386 is taken as
an example.

D. Wire currents settings

Since the transverse beam-wire distance is fixed by the
collimators, the wire currents are left as the only adjustable
settings. The choice of the wire currents was inspired by the
rationale of [24] and adapted according to the technical
constraints of the present hardware layout. Even if an
optimal compensation of all the resonance driving terms
cannot be reached, numerical studies showed that with the
present configuration, compensating the (4,0)–(0,4) RDTs
would lead to a partial compensation of all the others.
Those RDTs correspond to the octupolar resonances,
playing a major role in the BBLR interactions and their
mitigation process. Using the settings of the experiment,
one can compute the optimal currents needed in order to
compensate for the (4,0)–(0,4) RDTs as a function of the
transverse beam-wire distance. The analytical computation
is reported in Appendix C, and the optimal currents, as a

function of the wire collimator opening, are reported
in Fig. 7.
In the case of the low intensity experiment, the needed

currents were within the possible reach of 350 A in each
wire and the 1-jaw powering could be used. However, it
was not the case for the high intensity experiment as shown
in Fig. 7, and the currents were pushed to the limits using
the 2-jaw powering configuration (Fig. 3), as it would
double the strength of the wire octupolar field. The exact
values of the wire currents used in the different experiments
are reported in Tables III and IV.

IV. NUMERICAL SIMULATIONS

The dimensioning of the wire compensators was also
supported by numerous tracking simulations, whose results
are reported in details in [15,30,31]. In this section, we
report part of those results, focusing on the effect of the
wire currents and the beam-wire distance on the dynamic
aperture (DA). The choice of this observable comes from its
demonstrated link with the beam lifetime [58], making it a
good way to anticipate the performance of the machine.
The tracking studies are done using both MAD-X and
SixTrack [59]. Simulations are performed tracking particles
over a million turns, and unless specify otherwise, follow-
ing the parameters given in Table V.
As discussed in Sec. III, the first dimensioning was done

using an RDT-compensation approach, based on the work
presented in [24]. In that paper, several assumptions were
made all the wires are located at the same distance from the
IP (ensuring the same β-aspect ratio for all them, the
physical beam-wire distance is equal for all the wire, and all
the wires are powered with the same current. In Fig. 8, we
show the dependency of the DA on the beam-wire distance
dw and the wires current Iw, in this ideal configuration.
The DA is represented as a variation from a configuration

without wires. The red color shows a degradation of the
DA, while the blue color represents an improvement. As
expected from [24], all the RDT are compensated for a
given wire configuration (showed with the green star): all
the RDT-compensation lines (colored plain lines) cross in
one single point. However, this study also shows that—in
terms of DA—the analytical optimum is not the only
possible configuration that would lead to an improvement

μ

coll

FIG. 7. Wire currents required to compensate for the (4,0)–(0,4)
RDTs.

TABLE V. Simulation parameters.

Parameter Symbol Reference value

Bunch intensity Nb 1.15 × 1011 p
β-function at the IP β� 30 cm
Half crossing angle θc=2 150 μrad
Tunes Qx, Qy 62.31, 60.32
Chromaticities ξx;y 15
Octupole current IMO 0 A
Number of turns 106

FIG. 6. Filling scheme used for the high intensity experiment.
Only the first 600 bunch slots are displayed.
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of the machine performance. Instead, we can observe
a large dark blue area, following the (4,0)–(0,4) and
(2,2)–(4,0) RDT lines. This confirms that the octupolar
resonances are the ones to be targeted by the wire
compensators. Finally, installing an object so close from
the beam (about 5–6 mm) would not be reasonable from a
machine protection point of view, and this study, therefore,
confirmed that it is possible to put the wires further away,
by powering them with higher currents.

We then repeated this study for the actual LHC, where
the longitudinal positioning of the wires is not ideal
anymore (see Table II). Figure 9 shows the results of this
study.
This time, the RDT-compensation lines do not cross

anymore, showing that a perfect compensation is not
achievable. However, the two other observations remain:
it is still possible to put the wires further away from the
beam by powering them with higher currents, and the DA
improvement is well correlated with the compensation of
the octupolar RDTs.
Using this simulation and relaxing the assumption that

all wires should be placed at the same physical transverse
distance from the beam (by necessity, from the collimators)
and powered with the same currents (by choice, from the
analytical considerations showed in Sec. III), we studied
the impact of the wire compensators on the DA in the exact
low intensity configuration. The results are reported
in Fig. 10.
We observed a mean DA improvement of 1.21 σ.

The improvement seems to be more important in the
vertical plane, although this observation is not fully under-
stood yet.
Finally, the beneficial impact of the wire compensators

on the machine performance can be observed through tune
scans, both with and without wires. This study result is
reported in Fig. 11.
From those studies, we can observe that the wire

compensators allow for an opening of the tune space in

FIG. 8. DA variation (from red for a loss of DA to blue for a
gain) as a function of the beam-wire distance and the wires
current for the analytical case. The different colored lines show
the configurations needed to compensate for a given RDT.

FIG. 9. DA variation (from red for a loss of DA to blue for a
gain) as a function of the beam-wire distance and the wires
current for the actual LHC case. The different colored lines show
the configurations needed to compensate for a given RDT.

FIG. 10. DA in the configuration with the wires ON (orange)
and OFF (blue). The wires transverse position is depicted by
colored triangles.
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terms of DA, especially toward the diagonal and the
third-integer resonance. This could also help accommodate
detrimental effects coming from nonlinear phenomena,
such as electron clouds [60,61].
To conclude, those studies confirmed the potential

of the wire compensators in the LHC and led to the
experimental campaign, whose results are reported in the
next section.

V. EXPERIMENTAL RESULTS
AND OBSERVATIONS

Finally, we report the results from the low and high
intensity experiments in this section. More detailed results
can be found in [62,63].

A. Low intensity experiment

Using the settings reported in Table III, 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 150 μrad (corresponding to a normalized
crossing angle of about 8.6σ) and a β� of 30 cm.
In order to identify the BBLR interactions signature, the

transverse beam size of beam 2 was increased by a
controlled transverse emittance blowup. A spike of beam
losses was observed on the HOþ BBLR indicating that
the BBLR interactions have been enhanced. The wire
compensators were thus turned on and off repeatedly in
cycles, and the results are reported in Fig. 12.

FIG. 11. Dependency of the DA on the horizontal and vertical tunes, with (left) and without (right) wires. The red star shows the
nominal LHC tunes, while the green star shows the optimal tunes usually used in operation.

ef
f

μ μ μ

FIG. 12. Low intensity experiment results. The top plot shows the evolution of the effective cross section for both the HO bunch (in
blue) and the HOþ BBLR bunch (in orange), together with the burn-off limit (black dashed line). The background coloring
corresponds to the different values of crossing angle. The bottom plot shows the evolution of the current in the four different wires.
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The top plot in Fig. 12 shows the evolution of the
effective cross section for both the HO (in blue) and HOþ
BBLR (in orange) bunches, together with the burn-off limit
(black dashed line). The background coloring corresponds
to the different values of crossing angle. The bottom plot
shows the evolution of the current in the four different
wires. The spike in the effective cross section observed
around 10∶20 corresponds to the controlled transverse
emittance blowup. The HO bunch also experienced a spike
of a smaller amplitude. By powering on and off the
wires, the losses of the HOþ BBLR bunch reduced and
increased, respectively, showing, with a crossing angle of
150 μrad, a possible mitigation of the BBLR interactions
with the wires. At around 11∶10, the crossing angle was
reduced down to 140 μrad (8.1σ), with the wires on,
enhancing again the BBLR interactions. Nevertheless, no
spike of losses was observed for the HOþ BBLR bunch,
showing that even with a reduced crossing angle, the
wire compensators could still be effective. The crossing
angle was finally decreased further down to 130 μrad
(7.5σ). A slight increase of losses was observed for the
HOþ BBLR bunch, but the effective cross section
remained close to the burn-off limit. Eventually, some
on and off cycles with the wires were performed in order to
demonstrate the reproducibility of the observations, even in
a more aggressive configuration with a lower crossing
angle. At around 11∶50, data were partially lost due to an
issue with the CMS data logging system. Finally, at 12∶25,
all the wire currents were set to 350 A, and a loss spike was
observed for the bunches suffering only from HO colli-
sions. This observation is compatible with an overcom-
pensation mechanism: the wires compensators act like
additional BBLR interactions inducing beam losses.
The low intensity experiment was, therefore, very con-

clusive, showing a clear effect 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. Those
positive results motivated the high intensity experiment,
moving toward beam conditions compatible with the
nominal operation configuration.

B. High intensity experiment

The high intensity experiment was carried out using a
similar procedure, and the wire settings are recalled in
Table IV. The starting crossing angle for the collision was
160 μrad (9.2σ) with a β� of 30 cm.
With these settings, the effect of the wires on the

bunch-by-bunch effective cross section was too weak to
be clearly observed. Consequently, the adopted observ-
able for the high intensity experiment was the beam
losses recorded from the BLM, which are more sensitive
devices. Figure 13 shows the evolution of the beam
losses for both beams (blue and red dots for beam 1 and
beam 2, respectively), as a function of time. The back-
ground coloring corresponds to the change of crossing
angle and the powering (on and off in green and red,
respectively) of the wires.
As in the low intensity experiment, the crossing angle

was first set to 160 μrad, and the BBLR signature was
observed by increasing the transverse beam size of B2,
through a controlled emittance blowup. After some minutes
of observation, the wires were turned on. At around 11∶35,
the wires were turned off and a spike of losses was
immediately observed on B2 (as B1 is not equipped with
wires). When powering back the wires, the losses decreased
to reach the same level as B1, showing that with a crossing
angle of 160 μrad the wire compensators were efficient.
The crossing angle was then reduced with the wires on. On
every step, one can observe a slight spike of losses on B2.
Nevertheless, this spike is smaller than the one observed on
B1, bringing an evidence of the efficiency of the wire
compensators with a configuration compatible with the
nominal LHC operation. BBLR interactions mitigation

μ μ μ μ

FIG. 13. High intensity experiment results. The plot shows the evolution of the BLM losses from beam 1 (blue dots) and beam 2 (red
dots). One can also see the evolution of the crossing angle on the top background, while the bottom background represents the ON
(green) and OFF (red) cycles of the wires.
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using wires could reduce the beam losses by about 20%
when reducing the crossing angle step by step.
Finally, one can also look at the signal provided by the

diamond BLMs as these devices provide bunch-by-bunch
losses. Figure 14 shows the evolution of the bunch-by-
bunch losses in time, together with the powering of the
wires and the crossing angle evolution as background
coloring. The losses of all the bunches within the train
are displayed, and the color depends on the position of the
bunch, going from red for the first bunch of the train, to
blue for the last.
The beam loss pattern is quite similar to the one observed

on the BLMs: a spike of losses appears when the wires are
turned off 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 14 shows the dBLM signal acquired
during the high intensity experiment: the losses are shown
for a different bunch position within the train (from red for
the first bunch to blue for the last one). It illustrates that the
first bunch of the train always loses less than the last. This
cannot be identified 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 clouds effects. In fact, it is known that the
LHC is currently dominated by such effects [60,61]. The
wires still reduce the losses by extending the available tune
space, therefore, increasing the margins to accommodate
extra nonlinear effects, such as electron clouds, as already
shown in the simulations described in Sec. IV.

VI. CONCLUSIONS AND PERSPECTIVES

During the 2017–2018 LHC run, BBLR wire compen-
sators have been built, installed, and tested through a
diverse experimental campaign. The preparation of this
set of experiments was inspired by not only on the work
done by Fartoukh [24] based on a resonance driving terms
compensation, but also on previous analytical and numeri-
cal work showing that wires could compress the tune

footprint by compensating the octupolar component of the
BBLR interactions [11,18,64]. The main goal was to prove
that wire compensators could mitigate the BBLR inter-
actions effect in different configurations.
In the first set of experiments, the goal was to provide

a proof-of-concept of the BBLR mitigation using dc
wires. The wire collimators were brought closer to the
beam and, consequently, a low intensity beam—composed
of only two bunches—was used. After identifying a clear
BBLR signature in terms of beam losses, the wires were
turned on and off repeatedly, while reducing the crossing
angle. The results of this proof-of-concept showed, for the
first time in a high energy collider, in this configuration
(colliding beams, in-vacuum wires, inherent BBLR inter-
actions), a clear evidence of a mitigation of the BBLR
interactions using wires and motivated the second set of
experiments with a setup closer to the nominal LHC
operation.
In this second set of experiments, the goal was to prove

the feasibility of the compensation in a configuration
compatible with the nominal operation of the LHC. The
wire collimators were opened to their nominal settings
values, and both beams could be composed of several trains
of bunches. In order to increase the effective strength of the
wire compensators—and in particular, the octupolar com-
ponent of the field—the two wires housed in the collima-
tors were powered in series. Results showed a possible
reduction of beam losses by powering the wires, mainly at
lower crossing angle.
Those positive results yielded a layout change during the

Long Shutdown 2, preparatory step for the last LHC run 3
before the HL-LHC era. It has, in fact, been decided to
equip beam 1 with the two wire collimators installed on
beam 2, located downstream of the IP and that proved to be
less effective. The obtained results, together with an
important work on simulations, brought a new vision on
the available possibilities given the installed hardware. In
2017, those demonstrators were installed in order to prove
that a mitigation of the BBLR effect was possible. It is now
proposed to power the wires routinely at the end of each fill
during the next LHC run 3 in order to gain experience in

μ μ μ μ

FIG. 14. High intensity experiment: bunch-by-bunch losses from dBLMs. The background of the plot is colored to show the evolution
of the crossing angle and the on/off cycle of the wires. Only the losses from the first train are represented (48 bunches). The color
corresponds to the position of the bunch within the train: from red for the first bunch of the train, to blue for the last.
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operating the machine with such devices, in view of the
HL-LHC era.
On the longer term, space is now reserved for the wire

compensators in the HL-LHC and they are considered as a
complementary solution to the crab cavities since the beam-
beam separation, together with the doubled bunch intensity,
do not prevent from residual BBLR interactions. The wire
compensators could recover—at least, partially—the con-
sequent loss of luminosity [15].
Finally, this experimental campaign also showed the

limitations of the current hardware. The in-jaw configura-
tion of the wires should be avoided in the future, as
collimator tanks 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 efficiency of the
compensators.
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APPENDIX A: ALIGNMENT OF THE WIRE
COLLIMATORS

Each collimator jaw is equipped with two motors
allowing a lateral movement of each extremity. These
motors are used to control the collimator gap or to introduce
a tilt in order to align the collimator to 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. The presence of this
so-called 5th axis is motivated by the necessity to offset
damaged portions of the jaw in case of beam impact, by an
undamaged portion with a simple translation of the [65,66].
The wires are parallel to the jaw surface, so their position is
controlled by aligning precisely the collimator to the beam.
During the nominal operation of the machine, the beam
orbit is centered in the middle of the two jaws. However,
several constraints might occur depending on the chosen
crossing scheme. The wire alignment (both transverse and
5th axis) should therefore always be checked.
The alignment of the LHC collimators has been

improved by the installation of Beam Position Monitors

(BPMs) [67] at their entrance and their exit [68].
Differently from the jaw alignment, the 5th axis alignment
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 5th axis. To proceed with this alignment, one can
monitor the signal of those BPMs while moving the
collimator tank. If the 5th 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 the second order effect
with respect to the jaw position. For small variations around
the aligned position, the BPM reading as a function of the
5th axis position is fitted well by a parabola whose
maximum corresponds to the position of the motors that
aligns the collimator—and the wire—to the beam.
Figure 15 gives an example of the alignment of the wire

collimator on the right side of IP1. As one can see from the
BPM signal, the maximum of the parabola could not be
reached: the collimator motion was blocked by the vacuum
chamber of the opposite beam. Fitting the available data
(red and blue dots) with the second order polynomial (red
and blue lines) allowed us to determine the misalignment
and to intervene in the tunnel in order to recover it.
This example illustrated the limitations of the in-jaw

configuration of the wires and the need for a local beam
diagnosis for a fast and precise alignment.

APPENDIX B: BBLR COMPENSATION
AND β-BEATING

β-beating in synchrotrons and colliders is a consequence
of a perturbation, resulting in the modification of the
β-functions all along the machine. A local quadrupolar
perturbation can induce a modification of the β-function
that would then propagate under the form of a wave along

th

FIG. 15. 5th axis collimator (wire R1) alignment. The dot lines
represent the measurement, while the solid lines are the second
order polynomial fits. The maximum of each parabola is
indicated by a cross.
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the machine, following the betatronic motion. Effects, such
as beam-beam interactions (or their compensation using dc
wires), can be the origin of such perturbations and must be
taken into consideration. The source of a β-beating wave is
quadrupolar but does not necessarily originate from quad-
rupole errors as other higher order magnet errors can induce
feed-down effects.
If the source of the perturbation is known, one can

compute analytically the β-beating wave according to
Eq. (B1) [69]

Δβx;yðsÞ
βx;yðsÞ

¼ 1

2 sinð2πQx;yÞ
X
i

ðΔKlÞiβx;yðsiÞ

× cosð2jϕx;yðsÞ − ϕx;yðsiÞj − 2πQx;yÞ; ðB1Þ

where Qx;y stands for the horizontal or vertical betatron
tunes, ðΔKlÞi represents the ith perturbation source located
at a position si and ϕx;y the horizontal or vertical phase
advance.

Another way to access information about the β-beating
in a case where it would be difficult to compute it
analytically is the use of the MAD-X code [39], where
one can use the TWISS function before and after the
application of the perturbation to observe the effect on the
β-functions.
Finally, it is also possible—even though more difficult—

to measure the β-functions experimentally. An example of
β-beating measurement in the LHC can be found in [70].
In the case of BBLR interactions and their mitigation

using the wire compensators (and their associated feed-
forward system described in Sec. II B 3), a study has been
carried out using the MAD-X code. First, one can study the
β-beating induced by the wire compensators alone, in the
case of a tune matching using the nominal tune correctors
of the machine, as shown in Fig. 16.
As one can see in Fig. 16, using the tunes correctors

to compensate for the tune shifts induced by the wire
compensators yields an important β-beating of more
than 10% along the machine. However, in Fig. 17, an

, , , ,

FIG. 16. β-beating induced by the wire compensators, with the tunes matched using the tune correctors instead of the feed-forward
system.

, , , ,

FIG. 17. Example of a β-beating induced by the beam-beam interactions and the wire compensators (together with their feed-forward
system). On the top plot, the beatings in the horizontal and vertical planes are represented as a function of the longitudinal position, in the
presence of the wires but without any beam-beam interactions (no HO neither BBLR). The bottom plot represents the same beating in
the presence of the wires and the beam-beam interaction. The chosen optics in this example is close to the one used in the high intensity
experiment (half crossing angle of 150 μrad, β� of 30 cm). The wires are powered with their maximum current, and the 2-jaw powering
configuration is used (see Secs. III and V).
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example of β-beating induced by the wire compensators
in the case of the feed forward, with a comparison to
the β-beating induced by the beam-beam interactions, can
be observed.
It can be observed on the top plot that the contribution

of the wires to the β-beating is at the level of around 1%,
while the beam-beam interactions (BBLR and HO
together) bring the β-beating level along the machine
around 10%. For that reason, the β-beating induced by
the wires and their feed-forward system is considered to
be negligible.

APPENDIX C: ANALYTICAL COMPUTATION
OF THE OPTIMAL WIRE CURRENTS

In this Appendix, we report the method used in order to
determine the optimal wire currents. The approach is based
on [24] from which we recall the main concepts.
The Resonance Driving Terms (RDTs) of order n ¼

pþ q driven by the BBLR interactions are denoted as cLRp;q
and are defined in Eq. (C1):

cLRp;q ¼
X
k∈LR

βp=2x ðskÞβq=2y ðskÞ
dpþq
bb

; ðC1Þ

where βx;yðskÞ are the horizontal or vertical β-functions at
the kth BBLR interaction, located at s ¼ sk and dbb is the
beam-beam separation. Similarly, one can define the RDTs
led by a wire compensator as in Eq. (C2):

cwp;q ¼ Nw
βp=2x;w β

q=2
y;w ðskÞ

dpþq
w

; ðC2Þ

where Nw is the integrated current of the wire expressed in
terms of equivalent number of BBLR interactions, βx;y;w the
β-functions at the wire location and dw the beam-wire
distance.
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. (C3) in order to
determine the current required in each wire to compensate
for the (p1, q1)–(p2, q2) RDTs:

cw;Lp1;q1 þ cw;Rp1;q1 ¼ −cLRp1;q1 ðC3aÞ

cw;Lp2;q2 þ cw;Rp2;q2 ¼ −cLRp2;q2 : ðC3bÞ

Solving this system for the left and right wire currents
Nw;L and Nw;R, one can finally obtain

Nw;L ¼ dp1þq1þp2þq2
L ðcLRp1;q1d

p1þq1
R βp2=2

x;R βq2=2y;R − cLRp2;q2d
p2þq2
R βp1=2

x;R βq1=2y;R Þ
dp2þq2
L dp1þq1

R βp1=2
x;L βp2=2

x;R βq1=2y;L βq2=2y;R − dp1þq1
L dp2þq2

R βp2=2
x;L βp1=2

x;R βq2=2y;L βq1=2y;R

; ðC4Þ

Nw;R ¼ dp1þq1þp2þq2
R ðcLRp1;q1d

p1þq1
L βp2=2

x;L βq2=2y;L − cLRp2;q2d
p2þq2
L βp1=2

x;L βq1=2y;L Þ
dp1þq1
L dp2þq2

R βp2=2
x;L βp1=2

x;R βq2=2y;L βq1=2y;R − dp2þq2
L dp1þq1

R βp1=2
x;L βp2=2

x;R βq1=2y;L βq2=2y;R

: ðC5Þ

From these expressions, one can compute the needed
currents to compensate for instance the (4,0)–(0,4) RDT, as
described in Sec. III D and Fig. 7.
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