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Abstract

The electron-positron Future Circular Collider (FCC-ee)
is a proposed high-energy lepton collider that aims to reach
unprecedented luminosity and precision in the measurement
of fundamental particles. To fully profit of such performance,
it is crucial to keep detector backgrounds under control and
operate the machine safely. Due to the high stored beam
energy and to a number of complex operational features
required at FCC-ee (e.g. the top-up injection scheme), con-
trolling the backgrounds to the physics experiments becomes
even more challenging. Recent studies on collective effects
have shown that high impedance in the FCC-ee can lead to
fast rise-time instabilities, where the beam amplitude grows
exponentially, leading to beam loss within a few turns. Al-
though a feedback system is being developed to mitigate
this instability, failure scenarios of this feedback system
need to be explored. This paper presents the study of the
effects of this instability, in order to understand the possible
implications for the machine and the experiments.

INTRODUCTION TO FCC-ee

The FCC-ee design study aims at designing a 90.7 km
circumference electron-positron collider with an unprece-
dented luminosity at four operational modes [1]: the Z pole
(45.6 GeV), the WW threshold (80 GeV), the ZH produc-
tion peak (120 GeV), and the tt threshold (182.5 GeV). The
machine layout features a four-fold superperiodicity with
four experimental sites and four technical sites. The FCC-ee
design entails many challenges.

To fully profit from the projected luminosity and to mini-
mize the risk of damaging sensitive detector components, it
is crucial to keep detector backgrounds well under control
and operate the machine safely and with high availability.
Beam losses are especially challenging due to the high stored
beam energy, and losing even a small fraction of the beam
in the vicinity of the detectors could give rise to significant
background. Larger beam losses could potentially trigger
beam dumps, or even damage the machine and the detectors.
The most challenging mode for background and losses is the
Z mode, since it features the highest stored beam energy of
17.5 MJ, which is approximately two orders of magnitude
higher than in any previous lepton collider.

A collimation system has been designed to protect the
machine and detectors from unavoidable beam losses, and
to reduce any beam-induced background. The current de-
sign foresees a global two-stage betatron and off-momentum
collimation system to be placed in the technical insertion
in Point F (PF) [2—4], 6 collimators and 2 tungsten masks
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upstream of each Interaction Point (IP) to intercept the syn-
chrotron radiation (SR) [5], as well as a set of two tertiary
collimators for local protection of the SR masks, located
at 705 (405) m from the IP, with gaps of 14 (65) ¢ in the
horizontal (vertical) plane. The global collimation system
in PF should be the main protection for both machine and
detectors against unavoidable and accidental losses.

This paper evaluates collimation performance for a par-
ticular source of losses, namely fast instabilities, to study
whether the machine and the detectors remain protected.

FAST INSTABILITY

Previous studies on collective effects in FCC-ee [6] have
shown that a coupled multi-bunch instability can be excited,
driven by the real component of the resistive wall impedance
at low frequency. In this case, the amplitudes of the betatron
oscillations grow exponentially with time, causing fast beam
loss within just a few turns. The oscillation amplitude grows
with a characteristic rise time denoted 7. The value of the
rise time is strongly dependent on the impedance model.
Early studies [6] estimate a rise time between 3 and 10 turns.
A bunch-by-bunch feedback system is under development
[7] to mitigate the instability by damping the oscillations,
but this system might fail occasionally. The fast instability
scenario studied here assumes failure of the feedback system
which leads to a coherent beam oscillation.

The instability is mimicked through eight synchronized
dipole kickers, located one in each arc. This setup repro-
duces the exponential growth of the betatron oscillation am-
plitude, in either the vertical or horizontal plane, without
necessitating a detailed description of the multibunch in-
teraction including the machine impedance. The growth
rates assumed here were estimated with such simulations
including impedance [6]. The kicker strengths are defined
as:

k;(t) = % cos(2r Q; 1) e~ (1
12

where A is an initial amplitude selected as explained below,
o, is the beam size at the kicker location, Q; is the betatron
tune, with i referencing either the horizontal (x) or vertical (y)
plane, and 7 is the instability rise time. A, is chosen to have
an initial kick small enough to ensure a stable orbit for many
turns before observing losses. The choice of A, does not
influence the instability temporal characteristics , but only
its starting point in time. In operations, this instability would
arise from machine imperfections without the possibility of
predicting its onset, neither in time or in space.

The location of the kickers is calculated such that they
are uniformly distributed in phase advance between 90°
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and 180°. This configuration leads to a more accurate repre-
sentation of the instability in which the amplitude smoothly
grows even within one turn.

SIMULATION SETUP

To ensure the performance of the collimation system,
beam loss distributions along the ring, referred to as
lossmaps, have been derived from simulation as a function
of the turn number. The multi-turn tracking of the particles
through the ring optics is performed using Xsuite [8,9] while
the interaction of the beam with collimators and masks is
studied using BDSIM [10, 11]. The simulation output is the
distribution of beam losses around the ring.

The simulation model is based on the lattice version
24.4_GHC [12] and includes synchrotron radiation, radio
frequency (RF) cavities, magnet tapering, a detailed aper-
ture model of the ring, as well as the full collimation system
described in the previous section.

Two main scenarios were simulated to asses the perfor-
mance of the collimation system under these conditions,
with a rise time of 3 or 6 turns respectively. Since the insta-
bility can arise at any point in the ring, the dependence on
the phase advance is also examined. Four different phase
advances (0°, 30°, 60°, 90°) between the first kicker and the
primary collimator (TCP) have therefore been studied. Each
of these scenarios is explored with instabilities generated
both in the vertical and horizontal plane.

For each configuration, 5 x 10> primary positrons with
45.6 GeV energy are simulated at the Z mode, such that one
macroparticle hitting a collimator is lower than the current
damage limit estimate of 10% of one bunch, or 1% of the
total stored energy. The initial beam distribution is Gaus-
sian, with a standard deviation corresponding to the design
emittance.

To verify the correct behavior of the instability model, the
turn-by-turn oscillation amplitude of the beam centroid at
the primary collimator obtained from the simulation is fitted
with the expected amplitude growth, as shown in Fig. 1. To
remove the phase dependence, the amplitude in normalized
coordinates has been determined as:

V2J:Bi
Ajlo] = d ; 2)

O

where J; is the betatron action, f§; is the value of the beta
function and o; is beam size, with i referencing the horizon-
tal (x) or vertical (y) planes. The normalized amplitude is
then fitted as:

A; = Age''T. 3)

The fitting results are shown in Fig. 1. As expected, the
kicker system reproduces the exponential growth of the am-
plitudes, with rise times close to those expected. It is evident
that the vertical oscillation reaches higher amplitude values
under the same conditions, even though the effects should
be equivalent in both planes. This discrepancy will be ex-
plained in the following section.
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Figure 1: Fit of the average centroid of the beam to the
expected amplitude growth for a vertical (V) or horizontal
(H) instability using T = 3 turns, T = 6 turns, and Ay = 0°.

RESULTS

The simulated beam is tracked until it is fully lost. The in-
stability model causes the beam to oscillate coherently until
the collimator apertures are reached, then it is entirely lost
within a few turns. At the Z mode, this results in the release
of 17.5 MJ in collimators over a few turns. Figure 2 shows
the integrated lossmaps over all turns up to full beam loss
for both horizontal and vertical instabilities, using T = 3
turns, T = 6 turns, and Ay = 0° configurations. Both cases
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Figure 2: Integrated lossmaps over all turns up to full beam
loss for a vertical (right) or horizontal (left) instability in the
configurations T = 3 turns (top) and T = 6 turns (bottom)
and Ap = 0.

show losses of the order of MJ at the collimation insertion
in PF, as well as at the experimental interaction points (IPs).
Simulations indicate that primary losses on tertiary colli-
mators are observed, i.e. the collimation hierarchy is not
always respected. The tertiary collimators efficiently pro-
tect SR collimators. To protect the detectors from possible
particle showers, absorbers downstream of the tertiary colli-
mators are foreseen. Further studies are needed to quantify
the leakage from the tertiary collimators to the experimental
detectors, and to judge its effects in terms of background
and potential damage. The collimation efficiency also shows
a dependence on the phase advance. Figure 3 shows the
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losses in the primary vertical collimator across turns for a
vertical instability with T = 3 turns for the four different
phase advances considered. This is identified as the most
critical case, as only one configuration (A p = 0°) does not
exhibit initial losses already on the order of MJ.
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Figure 3: Comparison of losses on the primary vertical
collimator across turns for a vertical instability with T = 3
turns for the four different phase advances.

The lossmaps for each turn have been produced and ana-
lyzed. Figure 4 shows the fractional energy loss on different
collimator types across turns, in the different configurations.
This figure demonstrates that up to 50% of the beam is lost
in a single turn, including also losses on the aperture. The
time pattern of the losses is different in the two planes and
for different instability rise times. A larger T leads to a
slower growth, therefore the losses are more spread out in
time. The losses from a vertical instability are more spread
out in time than the losses from a horizontal instability in
the same configuration. This is due to the fact that, in the
vertical plane, the beam reaches the dynamic aperture (DA),
around 30 o before reaching the vertical collimator aperture
at 65 o, causing a blow-up due to the chaotic motion outside
of the DA. In this regime, in the vertical plane the emittance
is ©(pm), so the first losses are usually already at O (MJ),
while most of the configurations with a horizontal instability
present detectable losses before the turn with the peak losses.

The time scale of the losses puts constraints on the pos-
sible countermeasures. It is unlikely that active interlocks
can be built based on beam losses to actively protect the ma-
chine for this case. Therefore, other mitigation and detection
measures are needed to detect this effect before any damage
occurs.

To avoid the vertical blow up of the beam, the collima-
tor apertures could be tightened down to the DA, however,
with the ﬁy—function in the current optics, this would lead
to sub-mm apertures. Such small gaps would also pose ad-
ditional operational constraints worsening the impedance
and hence the instability rise-time. Preliminary results show
that tightening the vertical collimators would lead to losses
focused more on the global system in PF with a smaller
beam spot size on the impacted collimators so a potentially
higher risk of damage, as the particles do not go through the
chaotic motion outside of the DA. A 35¢ vertical aperture
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Figure 4: Energy lost on different type of colhmators across
turns for an horizontal instability (top) and a vertical insta-
bility (bottom) in the configurations T = 3 turns (left) and
T = 6 turns (right) Ay = 0°.

of the primary collimator balances improving collimation
performance with allowing some vertical emittance blow-up.
Fast MJ-losses might potentially damage the collimators.
Therefore, in parallel to this study, energy deposition stud-
ies are ongoing to assess the impact of these losses on the
collimators. The vertical instability with its smaller impact
spot size should represent the most critical case.

As a final remark, in the nominal collimator configura-
tion, losses in the aperture are not negligible: 25% of the
losses are spread out across apertures around the ring for
the horizontal instability, and 20% for the vertical instability.
This issue need to be addressed in future studies.

CONCLUSION

The estimated beam losses in the FCC-ee from a fast insta-
bility have been presented, resulting from a potential failure
of the feedback system that must be considered to protect the
machine and prevent any eventual damage. Detailed simula-
tions have been performed using magnetic particle tracking
and particle-matter interaction, with time-dependent kicks
that mimic the effect of the instability for different rise-times.
The study has shown that this instability could be dangerous
for both machine and detectors, with MJ-losses on several
collimators. The phenomena described should be taken into
account at the FCC-ee design stage to ensure effective mit-
igation measures are considered, such as interlocking the
damper, a system to detect coherent oscillation independent
from the damper, increasing redundancy in the damper sys-
tem as well as reducing impedance. This study has also
shown that the collimation system hierarchy is not fully re-
spected for very fast losses, especially in the vertical plane.
Studies are ongoing to assess the consequences of primary
losses outside of the main collimation insertions and to find
ways of improving performance.
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