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Abstract

The Future Circular hadron-hadron Collider (FCC-hh) is a design study for a 100 TeV
centre-of-mass energy. The dynamics of the beams in such a collider poses many chal-
lenges, in particular the amount of energy stored in each beam (8.4 GJ) makes them very
destructive and therefore requires a tight control of the machine and beam parameters
during the full cycle in order to avoid damages and reach the collider designed perfor-
mances. The FCC-hh features an increase of the beam brightness during the cycle due to
the presence of synchrotron radiation damping at high energy. As a result, the electromag-
netic forces that the two beams exert on each other, the so-called beam-beam forces, are
enhanced and might become an issue for the safe operation of the machine. In this new
regime, the impact of the beam-beam interaction on the optics becomes non-negligible. In
this master thesis, for the first time, the impact of the beam-beam interaction on the optics
(β-beating) is measured in a hadron collider (LHC). The expected impact on luminosity
and on the collimation hierarchy is addressed for the FCC-hh case.
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1 Introduction

The Standard Model can be seen as a low-energy effective theory and for several phe-
nomenological and conceptual reasons, it is believed to need some adjustments, namely
the presence of new physics at high energy. The principal aim of a particle collider is
to unlock this new physics by searching fundamental particles. In order to achieve this,
it is necessary to have high energy particles and a high luminosity L since the latter is
proportional to the events rate dR/dt [4]:

dR

dt
= L · σp, (1)

where σp is the cross section for a given reaction. Assuming bunches with Gaussian particle
distribution, the luminosity expression can be calculated as [4]:

L =
N1N2fNb

4πσxσy
, (2)

where N1 and N2 are the intensities of the bunches in beam 1 and 2 respectively, f the
revolution frequency, Nb the number of bunches in one beam and σx,y the horizontal
and vertical Root Mean Square (RMS) beam size, respectively. Note that in the case of
non-Gaussian beams, a numerical integration is mandatory. The ratio between the beam
intensity and beam size is known as brightness. Future colliders will push to enhance the
beam brightness to maximize the luminosity reach.

In a collider, two counter-rotating beams are brought into collision in one or several
Interaction Points (IPs). Each beam consists in moving bunches composed of charged
particles. Thus, an electromagnetic field is induced by these ensembles of moving charges.
The resulting forces will affect the bunch itself (space charge effects) and the opposite beam
when they meet at the IP (head-on encounter) and when they travel in a common pipe
region (long range encounters). The beam-beam interactions are one of the strongest non-
linearities found in the particle accelerator and lead to a variety of effects, e.g. alteration
of the optics along the accelerator [5].

Since the strength of the interaction between both beams is proportional to the beams
brightness, it is necessary to evaluate its impact on the optics and understand if it can be
measured and corrected. For example, the RMS beam size is defined by the β-function
through the accelerator : σ(s) =

√
εgβ(s) where εg is the geometrical emittance and

s the location. Since the maximum change of the β-function due to beam-beam, i.e.
the maximum of the β-beating, increases with the strength of interaction, the beams
size may become too large and go beyond machine tolerances. Large or underestimated
perturbations would translate into significant apertures changes along the machine leading
to uncontrolled beam losses. In superconducting machines, even a small amount of losses
can produce magnet quenches. Thus, this detrimental effect has to be very well understood
to ensure reliable operation.
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The following results and discussion will focus on two different accelerators : the Large
Hadron Collider (LHC) and the Future Circular hadron-hadron Collider (FCC-hh). The
LHC is the most powerful accelerator at the CERN Accelerator Complex with a 27 km
circumference and a collision energy of 14 TeV [6] while the FCC-hh is a 100 km proton-
proton collider design study that plans to achieve a centre-of-mass energy of 100 TeV [7].
Their general layout is presented in Fig. 1. Machine parameters of the LHC, FCC-hh and
High-Luminosity LHC (HL-LHC), an upgrade of the current LHC [8], are summarized in
Tab. 1.
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Figure 1: Layout of the studied hadrons colliders

Thanks to its advanced machine and beam parameters, the FCC-hh plans to achieve
a four times larger luminosity. The brightness, and thus the beam-beam effect, in the
FCC-hh and in the HL-LHC is planned to be about 50% larger than in the LHC (smaller
normalized emittance). As a consequence, it is crucial to evaluate the beam-beam impact
on these future colliders to make sure tolerances are respected.

LHC HL-LHC FCC-hh

Luminosity [1034cm−2s−1] 1 5 20

Bunch charge [1011] 1.15 2.2 1

Normalized emittance [µm] 3.75 2.5 2.2

Table 1: Machine parameters for the LHC, HL-LHC and FCC-hh [10]
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In the present master thesis, the distortion of the optics due to the beam-beam in-
teraction is addressed. Experimental data from LHC is used to understand and evalu-
ate for the first time the β-beating due to the beam-beam interaction in a hadron col-
lider [11, 12, 13, 14]. For this, a dedicated Machine Development (MD) study was devoted
to acquire optics data while kicking the beams with the AC Dipole [15] or the Transverse
Damper (ADT) [16]. Some challenges were found while performing the post-processing of
the data like for example the definition of a natural tune which is a figure of merit needed
to reconstruct the β-function. Computer simulations were performed to understand the
observations together with analytical estimations. The optics distortion has several im-
plications like changing the distribution shape at the IPs which will have an influence on
the luminosity reach. Self-consistent simulations are done to evaluate this effect for FCC-
hh. Finally, a detailed aperture model for FCC-hh is used to evaluate the impact on the
aperture for different beam-beam parameters.
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2 Beam-beam Interactions

The beam-beam interaction in colliders is one of the most important limits to the their
performance and since LHC upgrades and future colliders will push the beam-beam in-
teraction to new regimes, it is crucial to evaluate its impact with respect to the machine
tolerances even if there exists no complete theory.

In this section, the general expression of the force from a beam acting on a particle is
presented along with beam-beam concepts and variables. Then, the beam-beam collective
effects and the induced coherent modes are discussed. The two codes used during the
master thesis are also introduced.

2.1 Incoherent effects

The force from the electromagnetic field induced by the moving charged particle beams
can be derived analytically assuming round beams and a Gaussian beam distribution. Its
radial component is given by [4]:

Fr(r) = −nq
2(1 + β2)

2πε0

1

r

[
1− exp

(
− r2

2σ2

)]
, (3)

where n is the line density of particles in the beam, q the elementary charge, ε0 the vacuum
permittivity, β corresponds here to the normalized speed of the particles and σ to the RMS
beam size. The expression in Eq. 3 corresponds to the force induced by a beam and acting
on a single particle. This approach is a simplified one given that the mutual self interaction
between both bunches is omitted. This model is generally referred to as "weak-strong"
interaction since one of the two beams is not affected. In this context, the beam-beam
collision is equivalent to an electromagnetic lens that varies in time and through which the
single particle is moving at the interaction point.

MAD-X [17, 18, 19] is a well-known code for optics design that allows a detailed descrip-
tion of the lattice and that treats the beam-beam interaction from a weak-strong point of
view. The latter describes the machine by a set of elements each represented by a first or
second order transfer matrix, which all together gives the one turn matrix. From the one
turn matrix, the fixed points (orbit) and the eigenmodes (periodic solutions) are computed
and expressed as optics (or Twiss) functions.

In Fig. 2, a comparison of the beam-beam force (Eq. 3) between beams having a different
brightness is given.

For small amplitudes (i.e. for r < 1 σ), the beam-beam force is approximately linear
(Fig. 2) which means that the particle traveling sees the beam coming from the opposite
direction as a defocussing quadrupole (in the case of equally charged particles). The slope
of the force, which is equivalent to the kick received by the particle at the IP, increases
with the beam brightness. This is why the electromagnetic field from a bright beam has a
greater impact on the optics functions.
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Linear approx.

Lower brightness

Figure 2: Beam-beam force assuming round beams (Eq. 3) showing impact of the beam
brightness and with the linear approximation for small amplitudes.

The change of the β-function at the IP (β∗) under certain assumptions is known as
dynamic β and can be estimated analytically [20]:

β∗

β∗0
=

1√
1− 4πξbbcot(2πQ0)− 4π2ξ2bb

. (4)

Eq. 4 describes the change in β at the IP due to beam-beam interaction for a zero
amplitude particle with a tune Q0 far from resonances (integer and half-integer), one IP
only and a small beam-beam parameter ξbb that is defined as [4]

ξbb =
Nrpβ

∗

4πγσ2
, (5)

where N corresponds to the total number of particles, rp is the classical proton radius
and γ the Lorentz factor. When one is far enough from linear resonances (half-integer
and integer) and for small amplitudes (r → 0), the tune shift induced by the beam-beam
interaction is equal to the beam-beam parameter.

At larger amplitudes, i.e. above ∼ 1 σ, the force becomes strongly non-linear (Fig. 2).
This non-linearity implies a dependency between the tune shift and the particle amplitude.
The tune shift of a particle is obtained by averaging the slope of the beam-beam force over
the particle’s oscillation amplitude. Fig. 3 illustrates the derivative of the beam-beam
force.

Given Fig. 3, the smaller is the amplitude of the particle, the larger will be its tune
shift. Particles with large amplitudes have a smaller detuning due to the negative values
of the derivative after ≈ 1.5 σ. Finally, for very large amplitudes, the average slope tends
to zero, meaning that the tune shift becomes zero.

There are two kinds of interactions acting on the bunches of particles when they travel
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Figure 3: Derivative of the beam-beam force (Eq. 3) versus amplitude

in the same beam pipe : head-on and long-range interactions. Head-on interactions concern
the interactions between bunches colliding quasi head-on at the center. The other bunches
that are kept separated by the crossing angle and that feel the electromagnetic forces from
the opposite beam are affected by long-range interactions. The large number of long-range
interactions makes them important even if, independently, they distort the beams less than
head-on collisions.

2.2 Collective effects

So far, the beam-beam interaction was presented in the case of a single particle moving
through an electromagnetic lens representing the opposing beam with the assumption that
the particle was not affecting the opposing beam (weak-strong regime).

However, when considering intense beams, the electromagnetic fields from the crossing
bunches influence each other mutually leading to strong dynamic perturbations. These
collective effects are generally related to the so-called "strong-strong" regime where the
beams affect each other, contrasting with the previously defined weak-strong regime. Self-
consistent beam-beam simulations where the interaction is reevaluated turn after turn
using the modified beams’ properties are essential to address these effects.

COherent Multi-Bunch Interaction (COMBI) is a multi-particle tracking code developed
for self-consistent simulation of coherent multi-bunch beam-beam interaction [21, 22, 23].
It allows to simulate a large number of bunches undergoing a wide variety of "actions"
including among others: beam-beam, impedance, transverse feedback, noise sources, colli-
mators, synchrotron radiation.

COMBI source code was updated with a new AC dipole element during this master
thesis to simulate the β-beating measurements in the LHC. This element allows to excite
one of the two beams in both planes independently and perform a ramp of amplitude to
ensure the adiabaticity of the process and a constant transverse beam size [24].

10



2.2.1 Coherent beam-beam modes

The beam-beam interaction introduces a strong coupling between both beams making the
dynamics of one of the beams depend on the other and vice versa. At collision, the beam-
beam force coherently excites the beams leading to a new collective motion of the beams
together. The appearance of coherent modes is enhanced when we have symmetric beams
optics and conditions.

This coherent motion can excite coherent dipole oscillations that correspond to oscil-
lation of the center of mass of the bunches. This coherent motion is analog to the case
of two coupled harmonic oscillators where the coupling force is the beam-beam force. In
the case of a head-on interaction with a single IP and a transverse degree of freedom, two
coherent modes are excited : σ-mode (in-phase oscillation of the two bunches) and π-mode
(out-of-phase oscillation).

In the σ-mode, the phase difference is zero, meaning that the distance between the
bunches does not change at the IP turn by turn. Therefore, there is no net force driving
an oscillation and the oscillation frequency of this mode is equal to the unperturbed tune.

The π-mode corresponds to a π phase advance difference between the two bunches,
leading to a maximum net force difference between two turns. Thus, the tune is modified
and the new tune is Q0 + ∆Qcoh. Since we are dealing with particles that have equal
charge, the sign of ∆Qcoh is negative (defocussing case). In order to calculate the factor
∆Qcoh, one has to solve the Vlasov equation of two coupled beams [22, 25] and use a
self-consistent model of the coherent interaction because the distributions of both beams
change as they interact at the IPs, leading to a different force on the individual particle
(no rigid bunches). The detuning of the π-mode can be characterized relatively to the
beam-beam parameter ξbb : ∆Qcoh = −Y ξbb where Y is the Yokoya factor [26]. In our case
(COMBI simulations), the force experienced by a particle interacting with an opposing
beam originates from a Gaussian distribution with variable barycenters and RMS beam
sizes (soft Gaussian). The calculation of the Yokoya factor yields Y = 1.1 which is smaller
than the one computed from models where non-Gaussian deformations of the distribution
are taken into account [27].

An example of simulated spectrum from a head-on beam-beam interaction is shown in
Fig. 4. The σ-mode is present at the unperturbed tune as expected. The π-mode detuning
is ∼ 1.2 ξbb, i.e. the Yokoya factor is about 1.2 which is close to the expected value for
the LHC beam characteristics (round beams at collision). The incoherent tune spread is
located between these two modes and spans the interval [0, ξbb].
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Figure 4: Relative detuning of two bunches colliding head-on from self-consistent sim-
ulation. The beam-beam coherent modes (σ and π) and the incoherent spectrum are
illustrated [22].

A transverse feedback system [28] can be used during experiments to damp the coherent
modes. This system stabilizes the beam by tracking its center of gravity and by kicking
it back to its ideal trajectory such that the collective motion between both beams is
suppressed.
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3 Beam-beam amplitude detuning

Forced oscillations are often present in accelerators. In some cases they are unwanted
effects like power converters ripples or noise in crab cavities that have a detrimental effect
on the accelerator performance [29, 30]. In other cases like for the AC dipole (magnet with
a current sinusoidally oscillated), the forced oscillations can be used to measure and control
linear and non-linear dynamics [15, 24, 31]. By setting the excitation frequency near the
betatron tune, it is possible to excite coherent betatron oscillations. These transverse
oscillations are then used for measurements of lattice optics, rapidly diagnose errors, and
study non-linear optics. The differences between free and forced oscillations are explained
in [31, 32]. In [3], free and forced amplitude detuning functions are analytically derived
in presence of beam-beam. The equations assume the beam-beam is an electromagnetic
lens that is not changed by the opposite beam, i.e. weak-strong regime, and the beams
are round with ξbb = ξbb,x = ξbb,y. The amplitude detuning was determined for excitations
acting on a single plane (horizontal or vertical plane). We assume in what follows an
horizontal excitation.

The full derivation of the amplitude detuning formulas presented next can be found
in [3]. These results will be benchmarked with self-consistent simulations with COMBI in
section 4 and used to better understand the measurements during the LHC experiment in
section 5.

3.1 Free oscillations

The beam-beam amplitude detuning ∆Q on both planes as a function of the horizontal
free excitation amplitude Afree in units of the RMS beam size is given by the following
formulas [3]:

∆Qx(Afree) = ξbb
4

A2
free

[
1− I0

(
A2
free

4

)
e−A

2
free/4

]
, (6)

∆Qy(Afree) = ξbb

[
I0

(
A2
free

4

)
+ I1

(
A2
free

4

)]
e−A

2
free/4, (7)

where In(x) is the modified Bessel function of the first kind. A sketch of the relative
detuning versus the excitation amplitude in the case of free oscillations is given in Fig. 5a.
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3.2 Forced oscillations

From the free amplitude detuning functions (Eqs. 6 and 7), one can derive the equivalent
amplitude detuning functions in both transverse planes involving forced oscillations [3]:

∆Qx(Aforced) = ξbb

[
I0

(
A2
forced

4

)
− I1

(
A2
forced

4

)]
e−A

2
forced/4, (8)

∆Qy(Aforced) = ξbb

[
I0

(
A2
forced

4

)
+ I1

(
A2
forced

4

)]
e−A

2
forced/4, (9)

where Aforced corresponds now to the horizontal forced excitation amplitude in units of the
RMS beam size. A sketch of the relative detuning as a function of the excitation amplitude
in the case of forced oscillations is given in Fig. 5b.
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Figure 5: Relative detuning versus the amplitude

Fig. 5 shows the relative beam-beam amplitude detuning for free and forced oscillations
assuming an oscillation in the horizontal plane (Eqs. 6 to 9). The four curves have the same
initial and asymptotic values as expected. Concerning the excited plane (horizontal), at
small amplitudes, forced oscillations detune twice faster than the free oscillations. On the
non-excited plane (vertical), the detuning is the same for both free and forced oscillations.
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4 Beam-beam induced β-beating simulations

The analytical formulas presented in the previous section are a powerful tool to quickly
evaluate the detuning with amplitude in the presence of beam-beam without simulations.
However, as explained before, they are applicable in a weak-strong regime. In order to
understand its limitations, the COMBI code is used for benchmark. Although mainly used
for self-consistent simulations where the two beams are updated after each interaction,
COMBI allows as well single particle tracking in a weak strong regime. The free oscillations
are realized by tracking particles with different initial transverse amplitudes. In the case of
forced oscillations, an AC dipole-like element was made available in the action list (action
7, sub-action 2).

4.1 Single particle

In order to validate the formulas in Section 3, the COMBI simulations are set in a weak-
strong regime where a single particle is tracked through a beam-beam lens. In Fig. 6, the
amplitude detuning simulations (dashed lines) versus initial (free) or excitation (forced)
amplitude are compared with Eqs. 6 and 8 for free and forced oscillations respectively in
the horizontal plane.

The forced excitation amplitude is computed from the Fourier amplitude of the spectral
line (at the forced tune) during the excitation plateau and then normalized to the RMS
beam 2 size to only consider the motion induced by action 7.

Figure 6: Simulated relative amplitude detuning versus free (dark blue) and forced (green)
oscillation amplitude from single particle tracking simulations. Eqs 6 (light blue) and 8
(red) are also shown representing the analytical expressions expected for free and forced
oscillations.

The agreement between the analytical expressions and the single particle tracking sim-
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ulations from COMBI is extremely good probing their validity in weak-strong regimes.

4.2 Multi-particles

More realistic simulations with two equal bunches undergoing self-consistent interaction
are now set to compare with the analytical estimations. The parameters used in the
simulations are :

• One head-on interaction with β∗ = 1 m

• LHC nominal collision tunes (Qx, Qy, Qs) = (64.31, 59.32, 0.005) and circumference
(26.658 km)

• One bunch per beam at injection energy (450 GeV)

• 106 turns

• 105 macroparticles per bunch

• Forced oscillations in beam 1 on the horizontal plane at Qdriven = 0.292

• AC dipole ramp up 2000 turns

Multi-particle simulations (with bunches) are different from single particle (Sec. 4.1) in
the sense that a bunch is constituted of particles with a given distribution of amplitudes.
This means that the strength of the kick received by each one of them at the IP will be de-
pendent on its amplitude (Sec. 2.1). Thus, we expect the incoherent detuning of the bunch
particles to correspond to a spread that spans the interval 0 (very large amplitude particle)
to ξbb (zero amplitude). The use of Eqs. 8 and 9 are then limited in this case due to the
finite oscillation amplitude of the individual particles within the bunch. Fig. 7 illustrates
the detuning of particles oscillating with different unperturbed oscillation amplitudes as a
function of the forced oscillation amplitude.

Particles with a larger unperturbed oscillation amplitude feature a smaller tune shift
versus the excitation amplitude as shown in Fig. 7 (red line, 6 σ particle). Particles with
a non-zero unperturbed oscillation amplitude cross the analytical formula given by Eq. 8
(black curve), derived for particles with no unperturbed oscillation amplitude, between
2 σ and 3 σ. Thus, the analytical formula should represent the upper boundary of the
incoherent spectrum below 2 σ and the lower boundary above 3 σ for forced oscillations.
This phenomenon can be understood from the shape of the derivative of the beam-beam
force (Fig. 3) that changes sign at about 1.6 σ. In the non-excited plane, we do not expect
the same effect and the analytical formula (Eq. 9) should match the upper boundary of
the incoherent spectrum.
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Figure 7: Simulated relative amplitude detuning versus forced oscillation amplitude for
particles with increasing free oscillation amplitudes: 2 σ, 4 σ and 6 σ. Equation 8 is also
shown representing the 0 σ particle.

Once the expected differences between multi-particle simulations and analytical esti-
mations are set, other parameters are evaluated. Next, the damper effect, the impact of
the intensity (number of protons per bunch) and emittance ratio between both beams are
addressed. Table 2 summarizes the different cases simulated : impact of the ADT, inten-
sity ratio and emittance ratio. Note that the beam-beam parameter from beam 2 was kept
constant for the following simulations

Figures ADT I1[1011 ppb]/I2[1011 ppb] εn,1[µm]/εn,2[µm]
8a & 8c off 1/1 2/2
8b & 8d on 1/1 2/2
9a & 9c off 0.7/1 2/2
9b & 9d off 0.1/1 2/2
10a & 10c on 0.5/1 1/2
10b & 10d on 0.5/1 4/2

Table 2: Overview of the simulation parameters. The differences between pairs of simula-
tions are highlighted in bold.

4.2.1 Impact of the transverse feedback

We now study the impact of the transverse damper on beam 2 since we would like to get
closer to the analytical derivation where the probe beam is almost a single particle with a
small unperturbed oscillation amplitude.

Figure 8 shows beam 1 horizontal (top) and vertical (bottom) spectrograms as a function
of the excitation amplitude without and with transverse feedback (damping time 1 turn)
on beam 2 (left and right column respectively). The rest of the simulation parameters
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remain the same. The black curve corresponds to the beam-beam amplitude detuning on
the related plane for forced oscillations (Eq. 8 and 9 on the horizontal and vertical plane
respectively).

(a) Horizontal plane - transverse feedback off (b) Horizontal plane - transverse feedback on

(c) Vertical plane - transverse feedback off (d) Vertical plane - transverse feedback on

Figure 8: Simulated beam 1 spectrograms versus horizontal amplitude of forced oscillations
with (left) and without (right) transverse feedback on beam 2
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Coherent beam-beam modes

When the feedback system is turned off as in Fig. 8a and 8c, none of the beams coherent
oscillations are damped and coherent beam-beam modes between the beams are visible.
The σ-modes are located at the unperturbed tunes Q0 = (0.31, 0.32) as expected and
are discrete modes distinct from the incoherent spectrum. The π-modes also appear as
distinct discrete modes at lower frequencies, on the other side of the incoherent spread.
Being discrete modes outside the incoherent spread can lead to beam instabilities since
such modes cannot be stabilized by Landau damping [33]. In these conditions, the coherent
beam-beam effects could drive the π-mode to large amplitudes which may lead to the loss
of the beam.

The frequency of the π-mode when no forced oscillations are applied is approximately
Qπ = (0.3032, 0.3132). Given that ξbb = 0.0061, the Yokoya factor is close to 1.1 as
expected. The π-mode frequency changes over the excitation amplitude of the forced
oscillations and converges to the unperturbed tune. The presence of a transverse feedback
on beam 2 avoids the formation of coherent beam-beam modes as shown in Fig. 8b and 8d.
The expected spectrum changes and this represents better the measurements conditions of
the LHC where an ADT is operationally used to suppress coherent oscillations.

Incoherent spectrum

The incoherent spread in the spectrum with no forced oscillation (i.e. only beam-beam
interaction) in Fig. 8 spans the interval between the unperturbed tunes Q0 and Q0 − ξbb
corresponding to the limit value of the black curve for small amplitudes as expected.

On the horizontal plane, the influence of the transverse feedback on the upper boundary
of the incoherent spectrum (below 2 σ) is visible when comparing Fig. 8a and 8b. Indeed,
in the case with a transverse feedback on beam 2 (Fig. 8b), the upper boundary of the
incoherent spectrum is closer to the analytical expression below 2 σ. Above 3 σ, the lower
boundary of the incoherent spectrum fits the analytical expression from a smaller excitation
amplitude (2.7 σ vs 3.2 σ).

In the vertical plane (bottom Fig. 8), the presence of the transverse feedback (Fig. 8d)
makes the upper boundary of the incoherent spread closer to the analytical expression
compared to the case without transverse feedback (Fig. 8c). The difference is specially
visible until ∼ 3 σ.

Therefore, the deviation between the tune of the zero amplitude particles and Eqs. 8
and 9 decreases when including a transverse feedback on beam 2. Indeed, when there is
no transverse feedback, the beam-beam force is modified by the presence of low amplitude
coherent oscillations of the two beams and the analytical derivations do not model these
effects accurately. The presence of a transverse feedback allows us to be closer to a weak-
strong regime since beam 2 is unable to excite the oscillating beam (beam 1) in return.
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Curved resonance

A bent line originating in the top left corner crosses the spectrogram in all the spec-
trograms from Fig. 8. This line matches with a resonance excited by the AC dipole that
has a dependence on the π-mode of the form : C − 2Qπ, where C is a constant. Further
investigations are needed to address the origin of this line. This resonance appears in all
the plots where forced oscillations were used regardless the intensity or emittance ratio
between both beams.

Horizontal line ∼ 1.8 σ

In Fig. 8a and 8c, the spectrum for an excitation amplitude around 1.8 σx is dominant.
Additional simulations with a different driven frequency of the AC dipole were performed
and showed that this line appeared for a differentQπ. It means that, at this given excitation
frequency (Qdriven = 0.292), the forced oscillations excite the π-mode, which is a dangerous
configuration since it could lead to strong beam instabilities.

4.2.2 Impact of intensity unbalance

We now study the influence of the beams intensity ratio. The aim here is to get closer
to the analytical derivation where the probe beam is almost a single particle with a small
unperturbed oscillation amplitude.

Figure 9 shows beam 1 horizontal (top) and vertical (bottom) spectrograms as a function
of the excitation amplitude for intensity ratio of 0.7 and 0.1 between both beams (left and
right column respectively). No transverse feedback was included in these simulations and
the other simulation parameters remain the same. The black curve corresponds to the
beam-beam amplitude detuning on the related plane for forced oscillations (Eq. 8 and 9
on the horizontal and vertical plane respectively).

Coherent beam-beam modes

When the intensity ratio is 0.7 (Fig. 9a and 9c), the spectrograms are altered with
respect to the one where both beams are symmetric (Fig. 8a). Since we do not have
transverse feedback on beam 2, the beam-beam coherent beam-beam modes from Fig. 8a
and 8c are still present. However, the π-mode gets closer to the upper boundary defined
by the incoherent spectrum and even begins to merge with the incoherent spectrum. As
this intensity ratio decreases, additional simulations showed that the π-mode merges pro-
gressively with the continuum incoherent spread and becomes less and less strong till it
becomes not visible. The intensity scan was consistent with previous studies of coherent
beam-beam modes [27] showing that for an intensity ratio below 0.6, the π-mode merges
into the incoherent spectrum and is Landau damped. For example, for an intensity ratio
of 0.1 as shown by Fig. 9b and 9d, the π-mode has completely merged with the incoherent
spread and it is not distinguishable anymore even though there is no transverse feedback.

The σ-mode in Fig. 9 is still present and is not affected by a change in intensity ratio.
It corresponds to the very thin line at the unperturbed tunes Q0 = (0.31, 0.32).
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(a) Horizontal plane - I ratio 7/10 (b) Horizontal plane - I ratio 1/10

(c) Vertical plane - I ratio 7/10 (d) Vertical plane - I ratio 1/10

Figure 9: Simulated beam 1 spectrograms versus horizontal amplitude of forced oscillations
for intensity ratio 7/10 (left) and 1/10 (right) between beam 1 and 2

In Fig. 9b and 9d, the wider signal close to the unperturbed tunes does not represent
the σ-mode from beam 1. The dotted line is computed the same way the solid line is
but using the beam-beam parameter felt by beam 2, i.e. with beam 1 parameters. The
agreement between this dotted line and the incoherent spectrum reveals that this wide
signal is originating from beam 2 and that it corresponds to the incoherent spread due
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to the beam-beam amplitude detuning of beam 2. The absence of transverse feedback on
beam 2 made it possible to oscillate like beam 1 (forced oscillation) and since beam 2 has
a factor 10 greater intensity, it appears on beam 1 spectrogram.

Incoherent spectrum

As beam 1 intensity decreases with respect to beam 2, the boundaries of the incoherent
spectrum are described better by the analytical expression as expected. Indeed, when
the ration I1/I2 gets smaller, the influence that beam 1 has over beam 2 from the beam-
beam point of view becomes less and less important such that we are getting closer to a
weak-strong regime where one of the beams does not affect the other at collision.

4.2.3 Impact of emittance unbalance

We now study the influence of the beams emittance unbalance on beam-beam. The aim
here is to get closer to the analytical derivation where the probe beam is almost a single
particle with a small unperturbed oscillation amplitude.

Figure 10 shows beam 1 horizontal and vertical (top and bottom respectively) spectro-
grams as a function of the excitation amplitude for emittance ratio of 0.5 (left) and 2 (right)
between beam 1 and 2. The other simulation parameters remain the same. A transverse
feedback (20 turns) was included in these simulations, therefore, the coherent beam-beam
modes will be damped. The black curve corresponds to the beam-beam amplitude detuning
for forced oscillations (Eqs. 8 and 9 respectively).

Incoherent spectrum

The comparison of the horizontal spectrograms (Fig. 10 top) with the two different
emittance ratio shows that the deviation between the upper boundary of the incoherent
spectrum below 2 σ and the analytical expression (solid line) is smaller in the case where
beam 1 emittance is smaller than beam 2 emittance. On the vertical plane (Fig. 10 bot-
tom), the upper boundary of the incoherent spectrum is also slightly closer the analytical
expression when one has an emittance ratio smaller than 1. As beam 1 emittance decreases
with respect to beam 2, we get closer to a weak-strong regime where the single particle
has an emittance almost zero. These observations are consistent with the fact that we are
approaching a weak-strong regime where beam 1 influence over beam 2 is smaller.
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(a) Horizontal plane - εn ratio 1/2 (b) Horizontal plane - εn ratio 4/2

(c) Vertical plane - εn ratio 1/2 (d) Vertical plane - εn ratio 4/2

Figure 10: Simulated beam 1 spectrograms versus horizontal amplitude of forced oscilla-
tions for emittance ratio 1/2 (left) and 4/2 (right) between beam 1 and 2
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4.2.4 Impact of collisions with offset

We now study the influence of a static horizontal offset between the beams at the IP
(without forced oscillations).

Simulated spectrograms are presented in Fig. 11. Both beams are here symmetric (same
intensities and emittances) and a transverse feedback (20 turns) is activated on beam 2.
The dotted black lines correspond to the tune of the zero amplitude particles.

(a) Horizontal beam 1 spectrum (b) Vertical beam 1 spectrum

Figure 11: Simulated frequency beam 1 spectrograms versus horizontal offset between both
beams at the IP

Since we are increasing the static offset horizontally, the zero amplitude particle de-
tuning in the horizontal spectrum (Fig. 11a) is related to the derivative of beam-beam
force shown in Fig. 3. The upper boundary of the incoherent spread matches the analyt-
ical detuning below approximately 1.1 σ and the lower boundary for a greater offset as
expected.

The offset introduced in the horizontal plane has a different influence on the vertical
spectra (Fig. 11b). In this case, the detuning of the zero amplitude particle can be derived
from the derivative of the force (Eq. 3) with respect to the vertical coordinate and an offset
needs to be set in the horizontal plane. The zero amplitude particles correspond in this
case to the upper boundary of the spectrum until ∼ 1.5 σ and they converge then to the
unperturbed vertical tune Q0,y = 0.32.
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5 Beam-beam induced β-beating measurements

5.1 Procedure

In the future HL-LHC and FCC-hh, the optics distortions induced by the beam-beam
interactions will exceed tolerances (Table 1). For this reason, it is necessary to assess
whether it is possible to measure the β-beating during collision and eventually correct
it especially since previous attempts in other colliders failed [34]. A 8 hours Machine
Development study was dedicated to this topic between the 29th and the 30th of October
2016. In Fig. 12, an overview of the experiment is shown with two distinctive periods.
Three bunches were injected in the first period of the MD in order to find collisions at IP1,
to test the reproducibility of the separation bumps and to setup the ADT [16] and AC
dipole [15] as exciters. The second period is made out of five injections, where one pilot
bunch was injected with the damper set up for beam 1 and two nominal bunches were
injected in beam 2.

The MD was performed at injection energy (450 GeV) since the head-on interaction is
energy independent and a higher beam-beam parameter ξbb can be reached due to the geo-
metric emittance reduction. The separation bump was collapsed in IP1 and the transverse
damper was turned off on beam 1. Through the five injections constituting the second
part of the MD, AC dipole or ADT excitations with different excitation frequencies and
amplitudes were applied on beam 1 while a transverse feedback was activated on the strong
beam with a damping time of 50 turns. The excitation amplitudes are always given in units
of the RMS beam size σ at the IP. The length of the excitations was in the order of 6600
turns for the AC-dipole and 29000 for the ADT. In order to ensure the adiabaticity of the
AC dipole excitation, the amplitude was ramped up in 1100 turns [24].
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Figure 12: Overview of the MD 979 between 2016-10-29 18:00:00 and 2016-10-30 04:00:00
(UTC time). The set-up period, until around 23:00:00, is shown together with the five fills
where the excitations were carried out.
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5.2 Beams parameters

In order to eliminate uncertainties during the measurements and simplify the scenario, it
was chosen to collide in a weak-strong regime. To achieve this, one order of magnitude
difference on intensity between the beams was requested from the injectors. In Fig. 29
(appendix A), the intensities of beam 1 (left), weak beam, and beam 2 (right) are plotted
as a function of time.

The horizontal and vertical emittances of beam 1 and 2 measured by the Beam Syn-
chrotron Radiation Telescope (BSRT) system [35] are shown in Fig. 30 (appendix B, left
and right respectively). To enhance the beam-beam parameter, small beams were requested
(0.5-1.0 µm). However, the BSRT system is calibrated for normal operation condition
which means that for εn < 1.5 µm, an uncertainty up to 30% [36] on the values measured
is expected. Furthermore, the effect of the β-beating due to the beam-beam collision at
the location of the BSRT has to be evaluated since it could increase the uncertainty on
the emittance of another 8% for this case (collision at one IP). Besides the growth rates
expected, a blow up can be observed at the end of the 3rd and 4th fill in both beams caused
by the too large excitation amplitudes used. The first beam also seems to have blown up
during the first fill. Investigations are still in progress in order to determine the cause of
it.

The horizontal and vertical beam tunes were the collision ones (0.31, 0.32), the full
crossing angle at IP1 and IP5 was 340 µrad and β∗=11 m.

5.3 Beam spectra

An example of the beam spectra measured by the Base-Band Tune (BBQ) system [37]
for beam 1 is shown in Fig. 13. The red curve represents the beam frequency spectrum
during the ADT excitation and the blue one represents the beam spectrum just before
with the beams already in collision. Before the excitation (blue line), the beam-beam
parameter, measured as the continuum incoherent spread starting at approximately 0.292
(Fig. 13 right), is ξbb = 0.018 which is smaller than what was initially computed with beams
parameters from Sec. 5.2. In other words, the derived value of the normalized emittance
from the BBQ spectrograms is larger than the one measured by the BSRT system which
points again towards larger emittances. The comparison of the beam-beam spread before
(blue) and during the excitation (red) for different amplitude excitation shows that for
a small amplitude case (Fig. 13 left, 0.55 σx) the spread during excitation Ξbb is larger
than for a larger excitation amplitude (Fig. 13 right, 1.19 σx). In the limit of very large
excitation, the incoherent spectrum would reduce to a single peak close to the collision
tune.
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Figure 13: Horizontal spectra of beam 1 for different ADT excitation amplitudes. The
vertical excitation amplitude is always 0.15σy and the horizontal one is 0.55σx and 1.19σx
for the left and right plot respectively. The blue curve corresponds to the spectrum of
the beam just before the ADT excitation whereas the red one to the spectrum during the
excitation. The horizontal and vertical ADT excitation frequencies were (0.28, 0.285).

The excitation in the vertical plane (0.15 σy at 0.285) can be observed on the horizontal
spectra from Fig. 13 since both planes are coupled through the beam-beam force. As the
horizontal excitation amplitude increases, the signal from the vertical excitation merges
gradually with the horizontal excitation peak located at 0.28.
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(a) Horizontal beam 1 spectrum from BBQ
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(b) Vertical beam 1 spectrum from BBQ

Figure 14: BBQ Spectrograms of the MD for both planes where the red and green curve
represent the tune of the zero amplitude particles after beam-beam collision for no correc-
tion factor and a 20% larger beam 2 emittance respectively

The complete beam 1 spectrograms, for both horizontal and vertical planes, during the
five fills of the second period of the MD measured by the BBQ system are shown in Fig. 14.
The two curves on the spectrogram (red and white) indicate the beam-beam tune shift of
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the zero σ amplitude particles, i.e. Q0 − ξbb. The red one is calculated using the beam 2
parameters presented in Section 5.2 without any correction factor for the emittance while
the white one takes into account a 20% larger emittance of beam 2 in both planes leading to
a smaller beam-beam parameter (between 0.0185 and 0.011). The 20% correction factor on
the emittances provides better agreement with the BBQ observations: the largest particles
tune shift matches a 15% to 20% larger emittance.
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(a) Horizontal ADT excitations (0.28)
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(b) Vertical ADT excitations (0.285)

Figure 15: Zooms on BBQ from Fig. 14a and 14b respectively in 5th fill

In Fig. 15, zooms of the 5th fill in Fig. 14 with ADT excitations are shown. These
excitations contain the spectrum shown in Fig. 13. The horizontal and vertical tunes of
the beam 1 are clearly seen before the start of the collision. From about 4.52 on the y-axis,
both beams enter in collision leading to the incoherent spread. The ADT excitations were
kept constant in the vertical plane (0.15 σy) and increased in the horizontal plane (from
0.27 σx to 1.3 σx). The horizontal and vertical excitations made with the ADT device
(0.28, 0.285) are visible on the spectrograms of both planes with stronger signal for the
excitation in the related plane. Some vertical lines (e.g. at ∼ 0.295) can also be noticed
on Fig. 15a and 15b. They do not correspond to resonances since they are present before
and after collision, they actually are artifacts from the BBQ system.

5.4 Natural tune

During this MD, forced oscillations driven by the AC dipole and ADT are used to recon-
struct the β-function along the machine using the N-BPM method [38]. However due to
the fact that forced oscillations differ from the free oscillations, a correction is required
based on the distance from the natural and driven frequencies [39]. When there is no
collision, both of these frequencies are well defined (the natural tunes corresponds to the
unperturbed tunes of the beams). However, in collision, the tunes are not well defined
anymore given the incoherent spread of the beam due to beam-beam effect. This is why
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the possibility of finding a tune that would allow the computation of the β-function in
collision (i.e. natural tune) is explored in what follows.

Three different approaches based on Beam Position Monitors (BPM) readings were
explored to deduce the best natural coherent tune at collision: (i) direct observation of the
natural tune in the beam 1 spectrum, (ii) phase propagation in IR4 using the segment-
by-segment analysis [40, 41] and (iii) minimization of the RMS β-beating on both sides of
the AC Dipole/ADT location. Once the best natural tune is found, the β-function due to
beam-beam can be reconstructed and the β-beating computed.

An example of beam 1 spectrum for the strongest AC-dipole excitation (end of 1st fill)
is shown in Fig. 16. The AC-dipole excitation, at frequency (0.268, 0.278), is the largest
peak on both planes as expected. The excitation from the opposite plane is also present
on both spectrums due to the coupling between the horizontal and vertical plane. On
the horizontal plane (Fig. 16a), an octupolar secondary line resonance of the fourth order
(−QACx + 2QACy = 0.288) is observable. On the vertical plane (Fig. 16b), a dodecapolar
secondary line of the sixth order (−2QACx + 3QACy = 0.298) is present. Only even orders
are generated by head-on collision due to the symmetric potential as expected [42]. It
is the first time that resonances from beam-beam interaction with such high orders are
observed. The last distinguishable peaks that are present might correspond to the beam
natural tune appearing at the frequencies (0.307, 0.317), which is close to the initial tunes
and consistent with large amplitude kicks. However, there is not always a clear signal of
the natural tune so this approach could not be used for other AC-dipole or ADT excitation
measurements.
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Figure 16: Beam 1 spectra of the strongest AC-dipole excitation (Qdriven = (0.268, 278))
of the 1st fill at the BPM.6R2

The phase advance method consists in the computation of the phase advance beating
originating at the location of the excitation device (IR4) using the BPMs data. The phase
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advance beating corresponds to the difference in phase advance between the computed
phase advance from the model and the one deduced from the BPMs measurements. The
phase advance of the betatron oscillation between the BPMs is computed using the BPMs
turn-by-turn data [40]. This method is based on minimizing this beating by scanning the
natural tune parameter. The latter is applied to the IR4 segment which is treated as an
independent transfer line, meaning that the measured optics are used as initial conditions
for the simulations and that the machine errors occurring in this segment are neglected in
the phase propagation. The scans in natural tunes provide the same results indicating the
best natural tunes were (0.31, 0.32). Further analysis about the simulations and limitations
of the model are still in progress.

The RMS method is based on the fact that the largest β-beating source for forced
oscillations in IP4 should be the AC dipole/ADT itself. Thus, the best guess of the
natural tune should minimize the difference of the RMS β-beating due to beam-beam
between both sides of IP4. This method provides coherent values of the natural tunes for
every excitation in the sense that the stronger is the excitation, the closer to the initial
tunes is the natural tune. Horizontal and vertical scan of the natural tune with two different
AC-dipole excitations of the 1st fill are shown in Fig. 17. In the case of the strongest AC-
dipole excitation (1.8 σx and 1.84 σy on the x-y plane), the natural tunes provided by this
method (green curves in Fig. 17a and 17b) are (0.31, 0.3163), which are close to the ones
from the spectra analysis from the same excitation (Fig. 16) : (0.307, 0.317). The natural
tune at collision provided by the above methods for the strongest AC dipole excitation was
assumed to be (0.3085± 0.0015, 0.3165± 0.0010).

(a) Horizontal plane (b) Vertical plane

Figure 17: Scan of the natural tune for horizontal and vertical plane. Both lines are for
AC-dipole excitations from the 1st fill with different excitation amplitudes.

Multi-particle simulations were made mimicking the MD parameters using COMBI. A
scan in forced oscillation amplitude was made as in Sec. 4.2 as shown in Fig. 18. Both
secondary lines found on beam 1 spectrums (Fig. 16) are present on the spectrograms
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computed with COMBI. The spread close to the unperturbed tunes (0.31, 0.32) correspond
to beam 2 spread since the beam-beam parameter acting on beam 2, i.e. computed with
beam 1 parameters, is more than 10 times smaller than the other one (similar observation as
in Fig. 9b and 9d). The natural tunes at collision from above are located in the incoherent
spread of the beam.

(a) Horizontal beam 1 spectrum (b) Vertical beam 1 spectrum

Figure 18: Simulated frequency spectrograms for the horizontal (left) and vertical (right)
planes versus amplitude of forced oscillations in the weakly interacting beam

5.5 β-beating due to beam-beam

We only consider in this section the strongest AC dipole mentioned above. The unper-
turbed β-function (β0) was computed using the BPMs data, the driven tunes of the AC
dipole QAC = (0.268, 0.278) and the collision tunes Q = (0.31, 0.32) with a measurement
without beam-beam at the beginning of the first fill.

At collision, the natural tunes assumed for the β-function calculation are the ones from
the previous sub-section. Beam 1 and beam 2 intensities are 6.2·109 ppb and 1.1·1011 ppb
and their emittances (1.1 µm, 1.3 µm) and (1.0 µm, 0.9 µm), respectively. The β-beating
due to the beam-beam collision at IP1 (s=20 km) for the strongest AC dipole excitation
(1.8 σx, 1.84 σy) is shown in Fig. 19.

The β-beating due to beam-beam collision remains below 10% and its maximum is
about 7% in both planes. For the vertical plane, an important unexpected contribution
from IP5 (s=6.6 km) is found. Further investigations are needed to fully understand its
cause, as the beams were kept separated at that location.

Since the β-beating is amplitude dependent [43], the previous measurements must be
compared to simulations including forced oscillations. In this purpose, MAD-X simulations
with the beam parameters mentioned above predict a 1.8 σ particle β-beating as shown
in Fig. 20. Two different scenarios are simulated : using the measured emittance from the
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Figure 19: Measured β-beating for 1.8 σx and 1.84 σy amplitude particle due to beam-beam
interaction at IP1 along the machine computed from BPMs data. This case corresponds
to the AC dipole excitation shown on Fig. 16 and to the green plot on Fig. 17. The
longitudinal coordinate starts at IP3.
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Figure 20: Simulation of β-beating in the LHC due to head-on beam-beam interaction at
IP1 at injection energy for 1.8 σ amplitude particle. Blue points were computed based
on the measured normalized transverse emittance from BSRT system and the red ones
assuming a 20% larger emittance. The longitudinal coordinate starts at IP3.

BSRT system and with a 20% increase. The maximum β-beating is about 6% and 8% with
and without the correction factor respectively. The comparison of the β-beating results
from Fig. 19 with the expected one from simulations shows that simulations and measure-
ments are of the same order of amplitude. The 20% correction factor to the emittance
provides a smaller β-beating as expected that is more consistent with the measurements.
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6 Beam-beam impact on luminosity production for the FCC-
hh

In the previous sections, it was studied in detail the impact of the beam-beam interaction
on the optics along the machine. In addition to the change of optics in strong-strong
regime, both beams will interact modifying their distributions and diverging from an ideal
Gaussian. The impact of the luminosity production has to be evaluated in those cases.

In order to derive the general expression of the luminosity, one has to take into account
both beams distribution and integrate the overlap of density in space and time. The spatial
coordinate defined by x, y and s correspond to the horizontal, vertical and longitudinal
directions respectively. The temporal coordinate is defined by s0, the distance of the two
bunches to the central collision point. In the case of two different beams distributions ρ1
and ρ2, the luminosity can be written as [44]:

L = N1N2fNbK

∫∫∫∫ +∞

−∞
ρ1(x, y, s, s0)ρ2(x, y, s, s0) dx dy ds ds0, (10)

where K =
√

(~v1 − ~v2)2 − (~v1 × ~v2)2/c is a kinematic factor. Assuming we have head-on
collisions (~v1 = −~v2) and the beams distributions to be uncorrelated in all planes, the
luminosity expression can be factorized as follow :

L = 2N1N2fNb

∫ +∞

−∞
ρ1x(x)ρ2x(x) dx

∫ +∞

−∞
ρ1y(y)ρ2y(y) dy

∫∫ +∞

−∞
ρ1s(s−s0)ρ2s(s+s0) ds ds0.

(11)

In order to quantify the influence of the collision on the luminosity, particle distribution
along the three spatial axis (x, y and s) were generated using COMBI simulations with
the following parameters:

• One head-on interaction where β∗ = 1 m

• FCC-hh tunes (Qx, Qy, Qs) = (111.31, 109.32, 0.00116), circumference (97749.14 m)

• One bunch per beam at top energy (50 TeV)

• Particle distribution generated after 105 turns

• 5 · 106 macroparticles per bunch
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Five different ways of computing the luminosity are presented :

• Gaussian distribution and unperturbed beam size assumed, i.e. σ remains constant
(Eq. 2)

• Gaussian distribution assumed and deduction of beam size σx,y (from Eq. 2) using
fit on COMBI output data

• Double Gaussian distribution assumed and deduction of luminosity using the related
fit on COMBI output data

• No assumptions on the distribution and numerical integration using COMBI output
data (Eq. 11)

• Gaussian distribution assumed (Eq. 2) and use of the dynamic β formula to compute
new beam size σx,y (Eq. 4)

6.1 Transverse feedback on

COMBI simulations were performed including a transverse feedback on both beams with
a damping time of 20 turns. A scan of the luminosity over the beam-beam parameter ξbb
is presented in Fig. 21.
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Figure 21: Luminosity as a function of the beam-beam parameter ξbb. The blue, green,
red, light blut, purple curves correspond to the luminosity computed assuming a Gaussian
particle distribution (Eq. 11) with the input RMS beam sizes, with RMS beam size derived
using a Gaussian fit on COMBI particle distribution, assuming a double Gaussian profile,
integrating numerically over COMBI particle distribution and taking into account the
change of β at the IP respectively. A transverse feedback is activated on both beams.

The blue curve assumes the beam distribution to be Gaussian (Eq. 2) with the input
RMS beam size meaning β∗ remains unchanged, which is expected to be accurate for small
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values of the beam-beam parameter, as the dynamic β effect is small. The luminosity
increases as ξ2bb as expected.

The second way of computing the luminosity (green curve) assumes a Gaussian distri-
bution of the bunch (Eq. 2) but takes into account the bunch distribution generated by
COMBI. For a given ξbb, a value of the bunch size σx,y was deduced from the Gaussian
fit on both planes with least square method. The results provided by this method are
similar to the previous case until ξbb ≈ 0.075, the increase as a function of the beam-beam
parameter is then smaller than the square of intensity N2. This deviation hints towards a
possible alteration in the bunch distribution with respect to Gaussian distribution profiles.

The most accurate way of luminosity computation consists in integrating numerically
the bunch distribution generated by COMBI using Eq. 11 (light blue curve). In the latter
case, the deviation from the unperturbed σ case appears for a beam-beam parameter
slightly larger (ξbb ' 0.08). The results provided by numerical integration are always close
to the assumption that the bunch has a double Gaussian distribution (red curve). This
indicates that the double Gaussian profile assumption is always a good approximation,
whatever the value of the beam-beam parameter is.

The Gaussian curve taking into account the change in β at the IP (purple curve)
always predicts a gain in luminosity compared to an unchanged distribution (blue). This
means that the beam size, and thus the β∗, decrease after collision. However, the bunch
is composed of particles with various amplitudes such that this curve corresponds to an
upper limit of the luminosity. Indeed, as the amplitude of the particle increases, the change
in the β-function decreases and converges to zero for very large amplitude [43]. Therefore,
for very large amplitude particles, the beam size does not change and the value of the
luminosity converges to the one of the unchanged Gaussian distribution (blue curve). This
is why the computation of the luminosity should be in between these two curves (blue
and purple) when the Gaussian distribution assumption is correct, which is the case until
ξbb ∼ 0.07. Above this value, the assumptions from Eq. 4 are not valid anymore (large
ξbb, deviation from Gaussian distribution). For ξbb ≈ 0.11, one reaches a 20% deviation
between the analytical luminosity with the Gaussian assumption (between blue and purple)
and the luminosity computed numerically from COMBI distribution (light blue).

An illustration of the deviation of the bunch profile with respect to a Gaussian dis-
tribution is presented in Fig. 22 for a large beam-beam parameter (ξbb = 0.0916). A
Gaussian and double Gaussian fit are drawn based on the bunch profiles (black and blue
curve respectively).

The bunch distribution in the vertical plane (Fig. 22b) is close to a Gaussian. However,
in the horizontal plane (Fig. 22a), the Gaussian fit does not represent accurately the
distribution. Concerning the double Gaussian fits, they match more accurately the bunch
distribution, even for a large beam-beam parameter, which is more prominent on the
horizontal plane. The longitudinal profile was always well represented by a Gaussian
distribution, whatever the beam-beam parameter was as expected since there is no force
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Figure 22: Particle distribution from COMBI simulations with 5 · 106 macroparticles per
bunch after 105 turns

along this axis. Thus, a large beam-beam parameter (ξbb ' 0.075) has a negligible influence
on the longitudinal and vertical plane but a non-negligible one on the horizontal one.

6.2 Transverse feedback off

COMBI simulations without transverse feedback on the beams are now presented. The
related luminosity scan as a function of beam-beam parameter ξbb is presented in Fig. 23
where the same five ways of computing the luminosity were used.

The blue curve from Fig. 23 corresponds to Eq. 2 with constant Gaussian beam size
and the purple one adds the dynamic β effect of the zero amplitude particles as previously
(Eq. 4). These two curves remain the same as in the previous scan. Concerning the other
methods (based on generated COMBI distributions), the three of them are between the
blue and purple curves as before until ξbb ' 0.075. For a larger beam-beam parameter, the
curves based on COMBI output deviate from the two previous analytical expressions. The
absence of transverse feedback on the beams makes the luminosity increase not continuous
compared to the case with transverse feedback.

An illustration of the deviation of the bunch profile with respect to a Gaussian dis-
tribution is presented in Fig. 24 for a beam-beam parameter ξbb = 0.0749. A Gaussian
and double Gaussian fit are drawn based on the bunch profiles (black and blue curve
respectively).
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Figure 23: Luminosity as a function of the beam-beam parameter ξbb. The blue, green
and red curves correspond to the luminosity computed assuming a Gaussian particle dis-
tribution (Eq. 11) with the input RMS beam sizes, with RMS beam size derived using
a Gaussian fit on COMBI particle distribution and integrating numerically over COMBI
particle distribution respectively. No transverse feedback is used.
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Figure 24: Particle distribution from COMBI simulations with 5 · 106 macroparticles per
bunch after 105 turns

In this case, given that there is no transverse feedback, coherent beam-beam modes are
excited and the tilt we observe is due to the presence of a π-mode with a non-negligible
amplitude. Indeed, the two bunches being opposed in phase space, the offset between
them at the IP, and therefore the beam-beam force, is different every turn. Thus, the
bunch distribution will change according to the turn we are looking at [45]. In order to
compute properly the luminosity in this case, the average bunch distribution over multiple
turns should be taken into account. The results should then be similar to the case with a
transverse damper as in the Sec. 6.1.
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7 Beam-beam impact on the FCC-hh collimation system

LHC, HL-LHC and FCC-hh will be both equipped with a very efficient multistage colli-
mation to control losses. The aim of such a system is to protect the delicate elements of
the machine, to help reduce the total dose on the accelerator equipment and to optimize
the background for the experiments. It ensures in particular that the beam losses in su-
perconducting magnets remain below quench limits. Specific insertions in the machine are
dedicated to the cleaning of the beams due to large transverse excursions (betatron colli-
mation) or large energy offset (momentum collimation). This cleaning stage is achieved by
placing very precisely blocks of materials close to the circulating beams, while respecting
a pre-defined collimator hierarchy to ensures optimum cleaning in the multi-stage collima-
tion process (Fig. 25) : primary and secondary collimators are the devices closest to the
circulating beam that perform most of the cleaning process, then at larger apertures the
shower absorbers and tertiary collimators complete the system [46].

Figure 25: Illustration of multi-stage betatron collimation system. Primary collimators
intercept protons lost from the beam core. Secondary collimators and absorbers intercept
halo protons and hadronic showers produced by particles interacting with the collimator
jaws. Tertiary collimators ensure further protection near the experiments [46].

The collimation hierarchy and therefore the cleaning efficiency is very sensitive to the
machine optics, in particular to the β-function and the phase advance between collimators.
This is why the position of the collimators and the margins associated to the change of the
β-function are crucial to ensure the safety of the elements.

At nominal energy, the energy stored in each beam in the FCC-hh is planned to be
8.4 GJ, i.e. more than 20 times the one in the LHC and 10 times the HL-LHC [47].
Thus, extremely efficient collimation is required in order to prevent uncontrolled beam
losses in the superconducting magnets and a magnet quench. Due to the difference in
stored energy, the limit of beam losses in cold magnets is significantly smaller in the
FCC-hh in comparison to the LHC (7.6 · 106 particles · s−1 ·m−1 in the LHC [48] against
0.5 · 106 particles · s−1 ·m−1 in the FCC-hh [49]). In this new scenario, it is extremely

38



important to evaluate the impact of the optics distortion due to the beam-beam interaction.

For the results presented next, the latest FCC-hh optics are used. Only the betatron
collimation system with primaries and secondaries is considered. The aperture will be
calculated using the APERTURE command in MADX, where the halo parameter is set such
that the N1 parameter corresponds to the actual aperture in σ. This command allows to
include additional parameters like β-beating and closed orbit errors among others. The
values assumed at this moment are similar to the LHC case [48].

The intensity is scanned to evaluate the impact of the head-on only in two experiments
(HO) on the machine aperture (Fig. 26a). The bottleneck, i.e. the smallest transverse
aperture at any location around the ring, is at the dipole MBRD.B4RA.H1 (s = 92398.2

m) with a focusing effect that enlarges the aperture at that location with increasing beam-
beam parameter until a maximum of 16.22 σ. After a beam-beam parameter ξbb ∼ 0.08,
the bottleneck changes to the dipole MBRD.B4RG.H1 (s = 43523.2 m) and the aperture
decreases.

If we now do the same exercise including as well the long-range interactions in both IPs
(HO+LR), the bottleneck remains first at the dipole MBRD.B4RA.H1 and then changes to
MBRD.B4RG.H1 again (Fig. 26a). The transition occurs at a larger beam-beam parameter
(ξbb ' 0.093). In this case, the effect is defocussing at first reaching a minimum of 14.75 σ,
increasing afterwards and finally, when changing bottleneck, defocussing again.

Fig. 27 presents the machine aperture of the FCC-hh for different beam-beam param-
eters below 20 σ. The minimum aperture for ξbb = 0.03 is around 14.75 σ implying a
decrease of 0.25 σ.

0.00 0.02 0.04 0.06 0.08 0.10
Beam-beam parameter ξbb

15.0

15.5

16.0

M
in

. 
N

1
 [
σ
]

HO

HO+LR

(a) Machine aperture

0.00 0.02 0.04 0.06 0.08 0.10
Beam-beam parameter ξbb

5.0

5.5

6.0

6.5

7.0

7.5

M
in

. 
N

1
 [
σ
]

HO

HO+LR

(b) Collimator aperture (primary and secondary)

Figure 26: Minimum of N1 as a function of the beam-beam parameter ξbb

The collimators are movable objects that can be adjusted dynamically during the oper-
ation cycle to better handle the losses. However, it is assumed next that from the moment
the collision starts with the collimators at nominal aperture, there is a period where the
aperture will be modified before the collimators will be placed at newer apertures. In
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Figure 27: N1 as a function of the location s for different beam-beam parameters
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Figure 28: N1 as a function of the location s for different beam-beam parameters

Fig. 26b, the apertures of the collimators as a function of ξbb is shown. The bottle-
neck is first the TCP.B6L2.B1 at s = 66519.7 m and then becomes the TCP.A6L2.B1 at
s = 66529.7 m. The transition between the two bottlenecks occurs for ξbb ≈ 0.01 and
ξbb ≈ 0.016 for head-on and head-on with long-ranges interactions, respectively.

Fig. 28 presents the collimator aperture of the FCC-hh for different beam-beam pa-
rameters below 12 σ. The minimum aperture for ξbb = 0.03 is around 6.5 σ implying a
decrease of almost 1 σ.
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From the previous results, the machine aperture is not significantly affected by the
expected β-beating due to beam-beam. On the other hand, the aperture of the collimators
is significantly decreased for the nominal ultimate ξbb = 0.03, although no changes in the
hierarchy is observed. This would require that the collimators should be further opened just
before the collision starts to account for this effect and ensure 7.5 σ. Since the β-function
and thus the β-beating are amplitude dependent [43, 50], so is this effect. However, it is
not taken into account by the N1 factor. Similar studies should be performed to ensure
similar corrections for the LHC and HL-LHC.
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8 Conclusion

In this study, we analytically, numerically and experimentally explored the impact of orbit
distorsions, β-beating due to beam-beam effects, on the particle detuning with amplitude,
luminosity and collimation.

The agreement between the beam-beam amplitude detuning formulas including free and
forced oscillations and single particle simulations from COMBI has been shown, probing
the validity of the analytical expressions in weak-strong regimes. COMBI demonstrated its
importance as a tool to simulate the real beam-beam dynamics in different scenarios : with
and without damper, offset, different intensities and emittances. In this case, a deviation
was observed between the multi-particle simulation and the analytical expressions, however,
both converged as the collective effects between the beams were suppressed as expected.

For the first time, a measurement of the β-beating due to beam-beam was successfully
done in a hadron collider and a good agreement with simulations was demonstrated. Some
challenges in identifying the best natural tune still persist : while the RMS β-beating
provided consistent results, issues were encountered with the two other methods, especially
the phase advance method.

For future measurements, forced oscillations should be made in one plane in order to be
able to compare the measured spectra from the experiment to the analytical expressions
presented in this work. A greater emittance should also be chosen to avoid the uncertainty
from the BSRT system and strong excitation amplitudes should be aimed given that only
the strongest AC dipole excitation provided a natural tune that led to the consistent β-
beating measurement.

Additional implications for the luminosity have been studied like the range of validity
of the Gaussian bunch distribution assumption where COMBI simulations showed that
for ξbb ' 0.07, the beam-beam force has a non-negligible impact on the luminosity com-
putation that can reach about 20% for ξbb ∼ 0.11. The increase in luminosity coming
from the dynamic β∗ was consistent with the computed luminosity for smaller beam-beam
parameters. The role of the transverse damper to avoid dynamic variations of the beam
distribution due to the π-mode was shown.

Finally, apertures and collimation system implications were evaluated scanning the
beam-beam parameter including head-on and head-on with long-range interactions. The
expected β-beating from beam-beam does not affect significantly the machine aperture.
However, the aperture of the collimators is significantly decreased by ∼ 1 σ for the scenario
with ξbb = 0.03. A change in the bottleneck location as a function of the beam-beam
parameter was always witnessed. Concerning the machine aperture, the effect on the
minimum aperture changed at that transition (focusing/defocussing). With the primary
and secondary collimators installed, the effect remained defocussing and no changes in the
hierarchy was observed. The effect of the beam tail, i.e. particles oscillating with a large
amplitude, remain to be studied. Similar effects should be expected for the HL-LHC since
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a beam-beam parameter of similar amplitude is expected.
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Appendices

A Intensity plots from MD 979
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(a) Beam 1
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(b) Beam 2

Figure 29: Intensity of colliding bunches of both beams as a function of time during the
second period of the MD
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B Emittances plots from MD 979
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(a) Horizontal normalized emittance of beam 1
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(b) Vertical normalized emittance of beam 1
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(c) Horizontal normalized emittance of beam 2
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(d) Vertical normalized emittance of beam 2

Figure 30: Normalized emittances of beam 1 and 2 from BSRT measurements as a function
of time during the second period of the MD
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