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Abstract
The FCC-ee impedance model is being constantly updated closely following the
vacuum chamber design and parameters evolution. In particular, at present, a thicker
NEG coating of 150 nm (instead of previous 100 nm) has been suggested by the
vacuum experts, and a more realistic impedance model of the bellows has been
investigated. Moreover, also the transverse impedance has been updated by
considering the same sources as for the longitudinal case. Therefore, the FCC-ee
impedance database is getting more complete and the impedance model is being
refined. In this paper we describe the presently available machine coupling
impedance in both longitudinal and transverse planes, and study the
impedance-driven single bunch instabilities (with and without beam-beam
interaction) for the new FCC-ee parameter set with 4 interaction points (IPs). The
results are compared with the previously obtained ones and a further possible
mitigation of the beam-beam head-tail instability (X-Z instability) is proposed.

1 Introduction
The Future Circular Collider (FCC) project is an ambitious program that comprises, in a
single tunnel of about 100 km, both hadron [1] (FCC-hh) and electron-positron [2] (FCC-
ee) colliders. The challenging machines should be located in the CERN area and should
represent the future of the particle physics in the post-LHC (Large Hadron Collider) era.

FCC-ee will operate with four different energies, 45.6, 80, 120 and 182.5 GeV, optimised
to study with high precision the Z, W, Higgs and top particles, respectively. The project is
now in the phase of developing the feasibility study in order to provide input for the next
European Particle Physics Strategy Update, which will be held in 2026–2027.

The parameter list of all the four options of FCC-ee, updated with respect to the concep-
tual design report (CDR) [2] is shown in Table 1. In particular the high bunch population
and small emittances make the operation at 45.6 Gev the most critical for collective ef-
fects and instabilities. Their mitigation is, therefore, one of the most important tasks to
be solved in order to achieve the desired design performance. The beam impedance re-
lated instabilities [3–6], electron cloud effects [7, 8], ion induced phenomena [9] and other
harmful collective effects need to be thoroughly studied to accomplish this task.

A particular importance is given to the study of the combined effect of beam-beam in-
teraction and beam coupling impedance, which has a drastic impact on the stability of col-
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Table 1 Parameter list used in simulations

Layout PA31-1.0

Z WW ZH tt̂

Circumference (km) 91.174117 km
Beam energy (GeV) 45.6 80 120 182.5
Bunch population (1011) 2.53 2.91 2.04 2.64
Bunches per beam 9600 880 248 36
RF frequency (MHz) 400 400/800
RF Voltage (GV) 0.12 1.0 2.08 4.0/7.25
Energy loss per turn (GeV) 0.0391 .37 1.869 10.0
Longitudinal damping time (turns) 1167 217 64.5 18.5
Momentum compaction factor 10–6 28.5 7.33
Horizontal tune/IP 55.563 100.565
Vertical tune/IP 55.600 98.595
Synchrotron tune 0.0370 0.0801 0.0328 0.0826
Horizontal emittance (nm) 0.71 2.17 0.64 1.49
Verical emittance (pm) 1.42 4.34 1.29 2.98
IP number 4
Nominal bunch length (mm) (SR/BS)∗ 4.37/14.5 3.55/8.01 3.34/6.0 2.02/2.95
Nominal energy spread (%) (SR/BS)∗ 0.039/0.130 0.069/0.154 0.103/0.185 0.157/0.229
Piwinski angle (SR/BS)∗ 6.35/21.1 2.56/5.78 3.62/6.50 0.79/1.15
ξx/ξy 0.004/0.152 0.011/0.125 0.014/0.131 0.096/0.151
Horizontal β∗ (m) 0.15 0.2 0.3 1.0
Vertical β∗ (mm) 0.8 1.0 1.0 1.6
Luminosity/IP (1034/cm2s) 181 17.4 7.8 1.25

∗SR: syncrotron radiation, BS: beamstrahlung.

liding beams and on the achievable collider luminosity. The beam-beam interaction alone
with the extreme FCC-ee parameters has already given rise to the several new important
effects, such as beamstrahlung [10], coherent X-Z instability [11] and 3D flip-flop [12].
The beam dynamics becomes much more complicated when also the beam impedance is
taken into account [13–16].

Without beam-beam interaction, the longitudinal impedance leads to bunch length-
ening, synchrotron tune reduction and synchrotron tune spread increase, see [3] for ex-
ample. In addition, beyond the microwave instability threshold, the energy spread starts
growing. In turn, the transverse impedance can trigger the well-known turbulent mode-
coupling instability (TMCI) that can cause the beam loss [6]. In combination with the
beam-beam interaction, the longitudinal impedance results in variation of several beam
parameters and, besides, it reinforces the X-Z coherent beam-beam instability. As it has
been observed in numerical simulations for both CEPC [14] and FCC-ee [15] the stable
tune areas, free of instability, get narrower and their positions on the tune diagram are
shifted because of the impedance related synchrotron tune reduction. A theoretical ex-
planation of this effect can be found in [16].

It has been shown in [15] that for the original CDR parameters the interplay between the
beam-beam interaction, beamstrahlung and the impedance makes the stable tune areas
available for the collider operation too small. So in order to overcome the problem, two
mitigation techniques, that is the use of the harmonic cavities and an increase of the lattice
momentum compaction factor, have been proposed. Following that work, a lattice with
twice as higher momentum compaction factor with respect to CDR had been chosen for
further studies.

Besides, the collider parameters are continuously evolving according to the lattice devel-
opment and to beam dynamics studies. The major relevant change recently proposed is the
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possibility of using 4 interaction points (4 IPs) instead of 2 IPs, as requested by detector ex-
perts and particle physicists. Finally, also the FCC-ee impedance model is being constantly
updated and refined closely following the vacuum chamber design. As a consequence, in
order to be sure that these recent variations do not harm the collider performance, full
scale 3D simulations of the beam-beam interaction with 4 IPs, with the inclusion of the
updated longitudinal beam coupling impedance, should be performed.

This paper, related to beam-beam and collective effects with the new parameter list, is
organised as follows. In Sect. 2 we discuss the updated impedance model, while its effects
on the longitudinal beam dynamics are considered in Sect. 3. While in all previous studies
of the TMCI instability only the transverse resistive wall impedance was taken into ac-
count, Sect. 4 shows the results of the transverse beam dynamics simulations using the
more complete transverse impedance model. The TMCI threshold is evaluated including
both transverse and longitudinal impedances, and the approach is useful to understand
how the longitudinal beam dynamics affects this transverse instability. Finally, the 3D self-
consistent simulations of the beam-beam interactions with 4 IPs, including the updated
longitudinal impedance, are described in Sect. 5. In order to mitigate the observed severe
reduction of the stable tune areas in collision with 4 IPs, a horizontal betatron function re-
duction in the collision points is proposed in Sect. 6. In Conclusions the findings of these
studies are summarised and plans for future studies are outlined.

2 Updated impedance model
Since the design of the vacuum chamber and of the machine devices is still under devel-
opment, the FCC-ee impedance model is constantly updated. In particular, in previous
studies, such as [15] and [4], only the longitudinal impedance was included in the evalua-
tion of collective effects. Just in [3], the transverse resistive wall impedance has been used
for the study of the transverse mode coupling and coupled bunch instabilities.

The impedance revision that we are constantly carrying out has brought to a new trans-
verse impedance model which includes now the same sources as the longitudinal one. Ad-
ditionally, some elements, such as the bellows and the resistive wall of the vacuum cham-
ber, which represent, so far, the main impedance sources, have been revised by considering
more realistic models.

In the following subsections we first discuss these two revised models and then, at the
end of the section, we present the total impedance that has been obtained in the three
planes, longitudinal (z) and transverse x and y. For the beam dynamics studies, only the
dipolar contribution has been taken into account so far.

2.1 Resistive wall
In [3] it was shown that the resistive wall impedance of a two-layer system with a thin
coating has an additional imaginary term, with respect to a single layer, proportional to
the coating thickness. As a consequence, in order to reduce the resistive wall contribution,
which represents the most important impedance source for FCC-ee, the NEG layer, fore-
seen for mitigating the electron cloud build-up in the positron machine and for pumping
reasons in both rings, should be as thin as possible.

The experimental activity discussed in [4] has shown that a NEG thickness between 100
and 200 nm is a good compromise with respect to the balancing between the limitations
of activation and the coupling impedance. So far, the beam dynamics studies used a thick-
ness value of 100 nm (see, e.g. [15]). However, according to the vacuum experts [17], in
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Figure 1 Longitudinal (left) and transverse (right) RW impedance for a circular pipe with two different NEG
coating thicknesses: 100 and 150 nm

Figure 2 Beam pipe shape

order to guarantee a uniform coating all along the beam pipe, a value of 150 nm should be
considered.

The increase in the longitudinal and transverse impedance budget with respect to the
100 nm case is shown in Fig. 1, where the code IW2D [18] has been used with four layers in
circular geometry, as already discussed in ref. [15]. As can be seen from the figure, and also
according to Eqs. (8) and (9) of [3], only the imaginary part of the impedance is affected
by the increased thickness, and the loss factor does not change. Moreover it is possible to
demonstrate that, in our frequency range of interest, only the first two layers (copper and
NEG) are important.

The increased imaginary part of the impedance of course has an influence on beam
instability thresholds, as it will be discussed in Sects. 3 and 4.

In addition to the increased coating thickness, we have also investigated the additional
effect to the impedance due to the two lateral winglets of a more realistic vacuum cham-
ber as shown in Fig. 2. The winglets are needed to place synchrotron radiation absorbers
‘hidden’ to the beam.

The figure has been obtained with CST Microwave Studio [19]. Indeed the code IW2D,
used so far, gives the impedance and wakefield only for circular and flat geometries. On the
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other hand, CST is not the most suited code to investigate the resistive wall impedance of
a multi-layer system. For such a problem, by using the material type ‘lossy metal’, the code
simulates the structure by using a one-dimensional surface impedance model. However,
if the electromagnetic field penetrates through the layer, as is the case of the NEG coating
foreseen in FCC-ee, one should use the ‘normal type’ material for each layer. This requires
a very high number of mesh cells with too heavy computational resources.

In order to overcome this problem and have an estimate of the effects of the winglets,
we have still used CST, but in an ‘indirect’ way as follows.

We have first evaluated the impedance of a single thick wall of a material with a relatively
low conductivity (here we used σc = 105 S/m). The use of this conductivity was necessary
due to the fact that with copper and a reasonable length of the beam pipe (half a meter
for mesh cells reasons), the impedance would have been too small and of the same order
of the numerical noise. We observe, in any case, that for this chosen conductivity we are
in a good conductor regime, characterised by σc � ωε0, with ε0 the vacuum permittivity,
up to frequencies much higher than those of our interest. Indeed we remember that, for
a Gaussian bunch, the cut-off angular frequency is ωc = c/(2πσz) with c the speed of light
and σz the bunch length. For the minimum bunch length of FCC-ee, equal to 4.32 mm,
this corresponds to a frequency of about 11 GHz.

Once the CST impedance of this model was determined, we divided it by its surface,
one-layer, impedance Zs1 and multiplied it by the surface impedance of a double layer
given by [20]

Zs2(ω) = (1 + j)

√
ωZ0

2σcc
α tanh[ 1+j

δ1

] + 1

α + tanh[ 1+j
δ1


]
, (1)

where ω is the angular frequency, Z0 the vacuum impedance, σc the coating conductivity,
δ1 the skin depth of the coating, 
 its corresponding thickness, and, for a good conduc-
tor, α � δ1/δ2, with δ2 the skin depth of the substrate, which is supposed to be of infinite
thickness.

The final impedances, for both the longitudinal and transverse planes, are represented
in Fig. 3, in the left-hand and right-hand side, respectively. As a check of the validity of

Figure 3 Resistive wall longitudinal (left) and transverse (right) impedance for FCC-ee obtained with CST by
considering the winglets realistic model with a single infinite layer of material having a conductivity of
σc = 105 S/m re-scaled with the surface impedance of a double layer and compared with the results of IW2D
with four layers for a circular pipe, and multiplied by a factor 1.1
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this method, we have compared the results with those of IW2D of circular geometry, four
layers, and multiplied by a form factor of 1.1 in both planes.

The results of CST have been obtained by considering a Gaussian bunch of 2 mm bunch
length, thus having a cut-off frequency of about 24 GHz, and this is the reason why, in
this comparison, we have arrived up to 30 GHz. In this frequency range there is a good
agreement between the two results.

The slightly different behaviour of the real part of the transverse impedance of CST at
small frequencies is due to the lossy metal material type that has been used. Indeed, the
frequency dependent skin depth of the fields must be much smaller than the thickness of
the metal solid around the beam pipe (that we have chosen in CST to be 2 mm), but at
such low frequencies this hypothesis is not verified by CST.

However, since the goal of this comparison was not to check the frequency behaviour
given by IW2D, but to understand possible corrections necessary in the results due to the
winglets, from the results we can conclude that, as expected, the winglets produce a very
small perturbation to the resistive wall impedance of the order of 10%. We can take into
account this effect by multiplying the impedance of the circular pipe given by IW2D by a
factor 1.1. This factor can be seen as an approximated numerical ‘Yokoya form factor’ [21]
valid in the relativistic case and for the geometry with the winglets.

Finally, we observe that the winglets give also a contribution to the quadrupolar
impedance due to the breaking of the cylindrical symmetry. However, by using the method
just illustrated, we have evaluated a factor of about 20 less that that of the the dipolar
impedance, and, in this paper, we neglect this quadrupolar contribution.

2.2 Bellows
The presence of the winglets, on the other hand, plays an important role in the impedance
of the bellows. Indeed, the early stage of the design featured a simplified model that con-
sidered the beam vacuum chamber with a circular profile without the winglets, as shown
in Fig. 4, left-hand side. The main contribution to the broadband impedance, both in the
longitudinal and transverse planes, is due to the modes trapped between the beam pipe
and the bellows, a space that, from the electromagnetic point of view, can be thought as a
cavity coupled with the beam through the apertures due to the RF fingers. The presence
of the winglets changes this space, thus modifying the parameters of the modes and their
contribution to the broadband impedance.

The study of the bellows has been performed in three different steps, each one consid-
ering a design more realistic with respect to the previous one. The corresponding models
are shown in Fig. 4, left (simplified circular shape), centre (circular shape with the addition
of the winglets), and right-hand side (mechanical design provided by the CERN vacuum
group [22]).

A crucial component of the device is the RF shielding with comb-type fingers and small
electric fingers to ensure the electric contact between the two sides of the shielding. These
fingers are shown in the lower part of the figure, at centre (for the first two models) and
at the right-hand side (for the realistic model). The contribution of the shielding is fun-
damental to suppress the low frequency resonances due to the bellows which otherwise
would lead to a high impedance contribution.

The realistic model on the right side of the figure consists of a vacuum chamber de-
signed with a mechanical CAD, with different comb-type fingers that best suite the bel-
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Figure 4 Simulated models of FCC-ee beam vacuum chamber including bellows. Left: simplified model with
circular geometry, centre: simplified model with winglets, right: realistic model

low’s shielding, and a realistic version of the bellows with squared profile, as shown in the
top right part of the same figure.

Preliminary simulations and most of the convergence studies related to the impedance
behaviour have been carried out using the simplified CST models, firstly with the circular
beam chamber and then including the winglets, since the realistic model required heavy
computational resources. Afterwards, simulations on the realistic model were carried out
to verify the results obtained with the simplified versions.

For all the considered models, longitudinal and transverse simulations have been per-
formed with the wakefield solver of CST, and they were preliminary focused on the numer-
ical convergence of the results, which turned out to be the most critical and challenging
part for the electromagnetic characterisation of the device.

Actually, the complexity of the simulations deriving from the small mesh size, required
to proper model the tiny fingers of the shielding, led to time consuming simulations and
to the need of important computational resources. The situation was even more cumber-
some in performing transverse simulations due to the limitation in the use of symmetries
to reduce the number of mesh cells. In this scenario, the achievement of the numerical
convergence turned out to be essential to allow the correct study of the problem under
consideration and in many situations this required to use a large number of mesh cells, up
to one billion.

One check that was performed after the convergence studies, was the possibility to re-
construct the wake potentials of a longer Gaussian bunch, for example of 3.5 mm, with
that of 0.4 mm used as pseudo-Green function. The comparison between the direct result
of CST and the reconstruction by means of the convolution integral is shown in Fig. 5 for
both the longitudinal (left-hand side) and transverse (right-hand side) planes.

The results of the longitudinal wakefields for 3.5 mm Gaussian bunch and the impe-
dances of all the three studied models by considering a single bellow are reported in Fig. 6
for comparison in the left and right-hand side, respectively.

The most obvious aspect is the absence of the first resonance of the circular model
around 11 GHz in both the other two models with the winglets. This behaviour has been
carefully studied and it turned out that the first resonance is related to the coupling be-
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Figure 5 Comparison of longitudinal (left) and transverse (right) wake potential of a 3.5 mm Gaussian bunch
for a single bellow between the direct results of CST and the reconstructed wake by means of the convolution
integral

Figure 6 Longitudinal wake potential and impedance for the three studied models of the bellow

tween the beam vacuum chamber and the cavity of the bellow. When the radius of the
beam chamber approaches the radius of the bellow cavity, the resonance decreases its
amplitude more and more until it is suppressed. According to these results, it is not sur-
prising that the resonance is almost suppressed in the case of the chamber with winglets,
since the horizontal aperture of the chamber approaches the radius of the bellow cavity.
As a result, the realistic vacuum chamber has a better performance from the impedance
point of view.

In the transverse plane we can draw similar conclusions: for the realistic model the low
frequency dipolar impedance is negligible, almost null and the first resonance appears
above 20 GHz. A similar situation occurs for the quadrupolar term of the impedance.

It is important to remind that for the total wakefield and impedance of the bellows we
have to multiply these results by their number. The exact number is still unknown, how-
ever, if we consider 2900 dipole arcs 24 m long with bellows every 8 m [23] plus 2900
quadrupoles/sextupoles arcs as in the CDR [2], we have a total of 11,600 bellows. In addi-
tion to these, we need to take into account the bellows for the RF system, injection system,
collimation, etc. Overall, to be conservative, we have overestimated them by using a total
number of 20,000 bellows.
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Figure 7 Imaginary and Real part of the longitudinal impedance

Figure 8 Imaginary and Real part of the transverse impedance

2.3 Total impedance
The impedance model evaluated so far takes into account also the beam position moni-
tors and the RF system which includes the tapers connecting the cryo-modules. The total
imaginary and real part of the broadband longitudinal and transverse impedances, to-
gether with the different contributions, are shown in Fig. 7 and Fig. 8

It is important to note that, except for the resistive wall and the bellows, all the other de-
vices give a small contribution (just the beam position monitors show a small peak around
5 GHz). Indeed, also the photon stoppers, or synchrotron radiation absorbers, have been
evaluated in the past [4, 24] resulting in a negligible contribution. A system that could be
more critical, in particular in the transverse plane, is represented by the collimators. We
are still missing this impedance and the study is in progress. We have to remind, however,
that we almost doubled the impedance of the bellows in order to take into account, at this
preliminary stage, other important and yet unknown possible impedance sources.

In addition to the update of the resistive wall and bellows, other accelerator systems
are also under development and may change in the future. For example, an alternative
RF system is under study. It considers to use, instead of 52 single cell 400 MHz cavities
grouped in 13 cryo-modules, each one having a double taper, as in the CDR [2], a system
using the so called two-cell 600 MHz Slotted Waveguide ELLipltical (SWELL) cavity [25].
The longitudinal broadband impedance for a single cavity is shown in Fig. 9 in comparison
with the 400 MHz one.
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Figure 9 Longitudinal impedance of 400 MHz single cell and 600 MHz double cell cavity

Figure 10 Bunch length σz (left) and energy spread σp (right) as a function of the bunch population

3 Longitudinal beam dynamics
For the beam dynamics simulations by means of PyHEADTAIL code [26], the results of
which were preliminary compared with other tracking codes [27] [28], we have used, as
pseudo-Green function, the wake potential of a very short Gaussian bunch, having a bunch
length of 0.4 mm. This bunch length is smaller by a factor of 10 with respect to the mini-
mum bunch length of Table 1.

The beam parameters for the low energy machine (Z pole) differ from those studied
in ref. [4]. Indeed we observe that here we have a higher single bunch population that
gives stronger collective effects. On the other hand the momentum compaction factor is
doubled and the nominal bunch length is increased, and these parameters mitigate the
collective effects. Also the synchrotron tune is changed. As a conclusion, just from the
analysis of the parameter list it is not easy to deduce the single bunch behaviour.

The rms bunch length σz and energy spread σp as a function of the bunch population
are shown in the left-hand and right-hand side of Fig. 10, respectively.

If we compare these results with respect to those of ref. [4] that refer to the CDR param-
eters, we observe that in the longitudinal plane the collective effects are less strong. The
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microwave instability threshold is around 2 × 1011, higher with respect to the previously
studied case.

For the nominal bunch intensity, the collider is expected to operate in a weak microwave
instability regime. Indeed, as it can be seen in Fig. 10 for the nominal bunch population
of 2.53 × 1011, the energy spread growth is small, of the order of 10%. Furthermore, the
microwave instability should be suppressed in collision due to higher energy spread and
the longer bunch as we have already observed in self-consistent simulations which include
the contribution of the beam-beam interaction [15]. Figure 10 can be useful to evaluate
the bunch length and the energy spread during the collider commissioning phase without
beam-beam collisions.

4 Transverse beam dynamics
Previous studies of the FCC-ee transverse single bunch dynamics with inclusion of collec-
tive effects [6] have used, as transverse impedance model, the resistive wall term. Here, for
the first time, we performed the studies by taking into account the same sources as those
of the longitudinal plane.

As reference code for the simulations we still use PyHEADTAIL, but, in this case, prelim-
inary comparisons were performed not with other tracking codes, as for the longitudinal
plane, but with the Vlasov solver DELPHI [29]. Some results of these checks can be found
in [6].

The main collective effect that we have studied in the transverse plane is due to the so
called transverse mode coupling instability (TMCI) or strong head tail instability [30, 31].
In general the transverse motion of a bunch can be decomposed as a sum of coherent
modes of oscillation, called eigenmodes, the coherent frequencies of which depend on
the wakefields and, as consequence, on beam current intensity. At zero current, azimuthal
modes are spaced by the synchrotron frequency. For FCC-ee it has been observed that,
due to the transverse impedance, by increasing the current, the azimuthal mode ‘0’ shifts
towards the mode ‘–1’ and, when they couple together, an exponential growth of the trans-
verse emittance, with a rise time depending on the single bunch current, is observed.

Coherent frequencies of the transverse modes can be derived from PyHEADTAIL re-
sults by using the method described in [32]. In Fig. 11, left-hand side, we show the results
of this analysis. The real part of the tune shift (with respect to the unperturbed betatron

Figure 11 Real part of the tune shift of the first azimuthal transverse coherent oscillation modes normalised
by the synchrotron tune Qs0 as a function of bunch population without (left) and with (right) the additional
effect of the longitudinal wakefield
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tune) of the first azimuthal transverse coherent oscillation modes, normalised by the un-
perturbed synchrotron tune Qs0, and for the horizontal plane, is shown as a function of
the bunch population. In the vertical plane, not reported here, the results are similar to
the horizontal ones, with an instability threshold slightly different.

From the figure we can see that the mode coupling instability occurs at a bunch popu-
lation lower than the nominal one of Np = 2.53 × 1011. In this case, differently from the
longitudinal plane, the TMCI instability can be harmful since it is typically very fast in
the electron-positron colliders and it can hardly be suppressed in collision. Therefore, the
beam-beam simulations also including the transverse impedance is absolutely necessary
and will be considered as a priority in our future studies. Nevertheless, we can expect that
the beamstrahlung will play a beneficial role also in this case due to the longer bunches.

The contemporary contribution of the longitudinal and transverse wakefields in a self-
consistent way (with the exclusion of the beam-beam effects) can also be studied with
PyHEADTAIL, and the results are shown in the right-hand side of Fig. 11, where, sim-
ilarly to the left-hand side, we have reported the real part of the tune shift of the first
azimuthal transverse coherent oscillation modes normalised by the synchrotron tune Qs0

as a function of bunch population for the horizontal plane. By comparing this figure with
the corresponding left-hand side, we observe that the longitudinal wakefield reduces the
TMCI threshold. The same effect occurs in the vertical plane.

Indeed the longitudinal wakefield gives a double contribution: from one side it increases
the bunch length, thus reducing the strength of the transverse collective effects, but on the
other side, it produces a synchronous tune shift and spread, in particular of the mode ‘–1’
towards the mode ‘0’, as can be seen in the right-hand side of the figure compared to that
of the left-hand side, so that the TMCI results with a lower threshold. As a consequence,
TMCI in both horizontal and vertical planes occurs at a threshold lower than the nominal
bunch population in the single beam case (no collisions).

It is important to underline that, while the microwave instability results in an oscillation
of the bunch and an increase of the longitudinal emittance without any losses, the TMCI
is more dangerous since it makes the bunch to be lost. As a consequence, it could not
be possible to run the machine at the nominal intensity without colliding beams if no
countermeasures are taken. Actually, the machine, in normal operation, is supposed to
run in collision and the beamstrahlung helps in suppressing these instabilities.

However two important points must be kept in mind: first, it could be necessary to run
the machine with a single beam, as, for example, during the machine commissioning. In
this case, if no mitigation tools will be devised, we must be aware that it will not be pos-
sible to commission the machine with the nominal bunch intensity. Second, for FCC-ee,
collective effects must be evaluated by considering the beamstrahlung in a self consistent
way with the wakefields.

A final remark before concluding this section is related to the study that we have per-
formed on localised or distributed wakefield kicks. So far all the simulations have consid-
ered the ‘one turn map’ determined by a transport of the particle coordinates along the
machine plus the wakefield effect acting in one single point of the map. Since FCC-ee has
a circumference of about 100 km, and the resistive wall and bellows are distributed all
along the machine, we considered the question of possible differences between localised
or distributed wakefield. PyHEADTAIL allows to split the ‘one turn map’ into different
segments in the transverse plane but not longitudinally. We considered 59 segments for
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one turn, and, for each one, added the effect of the transverse wakefield: no substantial dif-
ferences were noted. For the longitudinal plane some simulations with a machine divided
into segments were performed some years ago with the code SBSC [27], and, also in that
case, no remarkable difference in the wakefield effect was observed.

5 Beam-beam with 4 IPs
As already discussed in detail in [15], the beam-beam interaction in FCC-ee contains a
combination of several extreme beam parameters, such as very small emittances, small
beta functions in the interaction points, a large Piwinski angle combined with the crab
waist collision scheme [33, 34], and very high intensity, that give rise to several new im-
portant effects, such as beamstrahlung [10], coherent X-Z instability [11] and 3D flip-flop
[12]. In turn, since the luminosity and both vertical and horizontal beam-beam tune shifts
depend on the bunch length, taking into account the longitudinal impedance makes the
beam dynamics in FCC-ee even more complicated [13, 15, 35, 36]. First of all, this results
in a reduction of stable working point areas available for the collider operation. In this
section we study the effects of the updated longitudinal impedance on the collider perfor-
mance for the new set of parameters with 4 IPs (see Table 1).

It is worth mentioning that the coherent horizontal-longitudinal (X-Z) instability rep-
resents one of the most critical phenomena for reaching the design collider performance.
It is produced by the beam–beam interaction with large Piwinski angle and, differently
from the coupling impedance induced collective instability, it is excited by the localized
horizontal beam-beam force in the IPs. The instability generates a transverse beam size
blow-up that can severely limit the stable tunes areas where the design luminosity can be
achieved.

According to the semi-analytical scaling law of [11], the threshold of this instability is
proportional to

Nth ∝ αcσpσz

β∗
x

∝ νs

ξx
. (2)

As it can be seen, the intensity threshold Nth is proportional to the bunch length σz,
energy spread σp and the momentum compaction factor αc, while it scales inversely with
the horizontal betratron function at the interaction point β∗

x . Writing this scaling law in a
different way, we find that the intensity threshold scales linearly with the synchrotron tune
νs and it is inversely proportional to the horizontal beam-beam tune shift ξx. Such a scaling
has a clear physical meaning considering that the coherent beam-beam synchro-betatron
resonances are separated by the synchrotron tune while the strength of the resonances is
proportional to the horizontal tune shift.

For the case of 4 IPs placed symmetrically in the collider rings and having the same pa-
rameters at each collision point, it is possible to simplify the analysis considering only one
interaction point in a collider which is 4 times shorter, having 4 times smaller synchrotron
tune and 4 times longer damping times in terms of the revolution turns. Since the equiv-
alent synchrotron tune is smaller and the damping time is longer, from Eq. (2) one can
expect that the X-Z instability will be more harmful in case of the 4 IPs in comparison
with 1 IP or 2 IPs colliders.

Note that the scaling law (2) is obtained without taking into account the longitudinal
wakefields which affect both the bunch length and the energy spread. Besides, the wake-
fields produce a synchrotron tune reduction and a synchrotron tune spread. So, in order
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Figure 12 Normalised horizontal beam size σx/σx,0 as a function of the horizontal tune for a bunch
population of Np = 2.8× 1011 at different chromaticities

to obtain the correct results, full 3D self-consistent beam-beam simulations should be
performed including the wakefields. These studies have been carried out by means of the
simulation code IBB [36].

A first series of simulations was performed by considering a bunch population of Np =
2.8 × 1011. As it can be seen in Fig. 12, where we have reported the normalised horizontal
beam size σx/σx,0 as a function of the horizontal tune per IP, Qx, the magenta line shows
that it is not possible to find a sufficiently large tune area to operate the machine in sta-
ble condition in the tune range between 0.53 and 0.58. This is consistent with the above
qualitative considerations.

As a first attempt to mitigate the instability, we considered the possibility of working
with a positive chromaticity Q′

x defined as

Q′
x =


Qx


p/p0
, (3)

with p0 the nominal particle momentum.
The chromaticity introduces a spread in the betatron tune that is expected to help in

suppressing the instability, even if it reduces a bit the dynamic aperture. However, simu-
lations by using Q′

x = 2 and Q′
x = 5 do not show any improvements, as reported in Fig. 12

with the green and cyan lines, respectively.
Since the bunch population used in the simulations is a bit higher than the nominal one

foreseen in the parameter list of Table 1, we also tried to see if, by reducing the single
bunch intensity, it was possible to find a sufficiently large stable tune region.

In Fig. 13 we show the results similar to those of Fig. 12, but with a halved intensity. Also
in this case it is not possible to operate the machine under stability conditions in the tune
range between Qx = 0.53 – 0.57.

Even if we have not simulated the exact bunch population foreseen in the parameter list,
we have to consider that, at this stage of the study, the bunch intensity can vary and we
cannot focus on a single fixed value. The important conclusion from these simulations is
that, with the present parameters, it is difficult to find a large enough stable tune area for
the bunch intensities of our interest.
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Figure 13 Normalised horizontal beam size σx/σx,0 as a function of the horizontal tune for a bunch
population of Np = 1.4× 1011 at different chromaticities

6 A possible mitigation solution
In the previous section we have seen that the reduction of the single bunch intensity can-
not be a solution for the problem of the X-Z instability. Also working with a positive chro-
maticity doesn’t allow to find a stable tune area.

Another possible option that we have investigated is that of reducing the betatron func-
tion β∗

x . Indeed, as can be seen from Eq. (2), the X-Z instability threshold is inversely pro-
portional to the horizontal betatron function at the interaction point. This choice, how-
ever, has its downside since it also generates a reduction of the dynamic aperture and of
the momentum acceptance. Therefore, a careful design of the machine optics is necessary.
A good solution with a lattice having an acceptable dynamic aperture and with β∗

x = 10 cm
has been recently proposed [37].

In addition to the advantage of having a smaller betatron function at the interaction
point, the parameter list with this new lattice has a lower single bunch intensity and an
horizontal beam-beam parameter ξx of about 0.0023 [37], which is almost a factor 2 lower
that that foreseen in the CDR [15]. Since the width of the stable area is proportional to ξx

[11], then we expect an additional stabilising effect.
We have performed beam-beam simulations similar to those of the previous section,

that is with a bunch population of Np = 2.8 × 1011 and 1.4 × 1011, and with chromaticities
of Q′

x = 0, 2, 5. The results are reported in Fig. 14.
As can be seen from the two figures, the situation in this case is better than the one

having β∗
x = 15 cm. Around a horizontal tune of about Qx = 0.56 we have two regions of

stability with both intensities. These regions are even improved, at least at high intensity,
with a positive value of Q′

x.
To conclude the study, we have addressed the question of how much luminosity we

would loose operating the machine with this reduced β∗
x if we take into account the lon-

gitudinal wakefield and, in case, with a chromaticity having the same values as those that
we have just illustrated. In Fig. 15 we report the results of the simulations.

We can see that, at the high intensity of Np = 2.8×1011, with Q′
x = 5, we loose about 15%

of luminosity per IP, but this parameter remains above 180 × 1034 /(cm2s), as requested
by the parameter list of Table 1.

In addition to the reduction of the betatron function at the interaction point, we are also
investigating the effect of the bunch-by-bunch feedback system necessary to suppress the
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Figure 14 Normalised horizontal beam size σx/σx,0 as a function of the horizontal tune for a bunch
population of Np = 2.8× 1011 (top) and Np = 1.4× 1011 (bottom) at different chromaticities with β∗

x = 10 cm

Figure 15 Luminosity per IP at different chromaticities with Np = 2.8× 1011 and Np = 1.4× 1011 and with
β∗
x = 10 cm

transverse coupled bunch instability due to the resistive wall at low frequency. The X-Z
instability involves both the horizontal and vertical motion and the existing feedbacks cur-
ing only either the transverse or longitudinal motion can hardly completely suppress the
instability. Besides, the feedback systems affecting the barycenter motion cannot suppress
the “snake-like” bunch motion. However, we do not exclude a priori that some beneficial
effect can take place. Since the transverse feedback is playing an important role also in the
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TMCI instability, we started to investigate in detail the effect of the transverse feedback on
the different instabilities, including the X-Z one. This will be the subject of a future study.

7 Conclusions
In our previous studies it has been shown that the interplay between the longitudinal cou-
pling impedance and the beam-beam collisions with a large Piwinski angle in FCC-ee re-
sults in a reduction of the stable betatron tune areas with respect to what was foreseen in
the conceptual design report. Possible mitigation solutions investigated recently have led
to an updated parameter list with a higher lattice momentum compaction factor. Further-
more, on the request of detector experts and particle physicists, a possibility of using 4 IPs
instead of 2 is presently under consideration. In parallel, the machine coupling impedance
model has been reviewed with more realistic representations of some devices and the eval-
uation of the transverse components of the wakefields.

In this paper we have presented collective effects studies with the new parameter list
relying on the updated impedance model and considering beam collisions in 4 interaction
regions (4 IPs).

Without beam-beam interaction, the studies of collective effects with the contempo-
rary presence of longitudinal and transverse wakefields show that the transverse mode
coupling instability thresholds is lower than that generally evaluated by considering only
the transverse plane. This is due to a synchrotron tune reduction produced by the longitu-
dinal wakefield. The consequence is that, for example during the commissioning phase of
the machine, it would not be possible to reach the nominal single bunch intensity. As for
the longitudinal microwave instability, the nominal bunch intensity is only slightly above
the instability threshold, and it is expected to be suppressed in collision due to the beam-
strahlung that is very strong in FCC-ee.

In turn, the important coherent X-Z instability due to the beam-beam interaction has
been investigated under the influence of the longitudinal wakefield for this new config-
uration with 4 IPs. The results show that there are no sufficiently large horizontal tune
areas to operate the machine without incurring into the instability. As an eventual miti-
gation solution, we propose to reduce the betatron function at the IP. In particular, it has
been found that, with a β∗

x = 10 cm instead of 15 cm, there are enough wide working tune
areas even in collisions with 4 IPs. A positive chromaticity helps to further mitigate this
instability.

The update of the impedance model will continue with the study of the collimation sys-
tem, which is expected to be another important impedance source, in particular in the
transverse plane. It is also in our plans to study self-consistently the 3D beam-beam inter-
action with 4 IPs including both the transverse and longitudinal impedances.
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