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Abstract

The international Future Circular Collider (FCC) study
[1] is designing hadron, lepton and lepton-hadron colliders
based on a new 100 km tunnel in the Geneva region. The
main focus and ultimate goal of the study are high-luminosity
proton-proton collisions at a centre-of-mass energy of 100
TeV, using 16 T Nb3Sn dipole magnets.

Specific FCC beam dynamics issues are related to the
large circumference, the high brightness — made available
by radiation damping —, the small geometric emittance,
unprecedented collision energy and luminosity, the huge
amount of energy stored in the beam, large synchrotron
radiation power, plus the injection scenarios.

In addition to the FCC-hh proper, also a High-Energy
LHC (HE-LHC) is being explored, using the FCC-hh magnet
technology in the existing LHC tunnel, which can yield a
centre-of-mass energy around 25 TeV.

MOTIVATION AND SCOPE

The Large Hadron Collider (LHC) [2] and its high-
luminosity upgrade, the HL-LHC [3], have an exciting
physics programme, which, covering the next 20 years, ex-
tends through the mid 2030s. Counting from the start of
its design study in 1983, more than 30 years were needed
to design, build and commission the LHC. Therefore, the
community must now urgently start preparing the next ac-
celerator for the post-LHC period, as it has clearly been
recognized by the 2013 Update of the European Strategy for
Particle Physics [4].

A large circular hadron collider seems to be the only ap-
proach to reach energy levels far beyond the range of the
LHC, during the coming decades, so as to provide access to
new particles with masses up to tens of TeV, through direct
production, as well as to obtain tremendously increased pro-
duction rates for phenomena in the sub-TeV mass range, with
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the corresponding greatly improved precision and enhanced
sensitivity to new physics.

The energy reach of a high-energy hadron collider is sim-
ply proportional to the dipole magnetic field and to the bend-
ing radius: E o« B X p. Assuming a dipole field of 16 T,
achievable with Nb3Sn technology, the ring circumference
must be about 100 km in order to reach the target value 100
TeV for the centre-of-mass energy.

Figure 1 presents a schematic of the FCC tunnel along
with a sketch of the hadron collider layout. Prior to FCC-
hh installation, the new 100 km tunnel could host a high-
luminosity circular e*e™ collider (FCC-ee). Concurrent
operation of hadron and lepton colliders is not foreseen how-
ever. In addition, the FCC study considers aspects of pe
collisions (FCC-he), as could be realized, e.g., by colliding
the electron beam from an energy recovery linac (ERL) with
one of the two FCC-hh hadron beams.

In the frame of the FCC study another future hadron col-
lider is being studied, the so-called High Energy LHC (HE-
LHC). The HE-LHC would be based on FCC-hh magnet
technology, but be installed in the existing 26.7 km tunnel,
which is presently housing the LHC.

Historically, investigations of an earlier version of the
HE-LHC [5] gave birth to the FCC concept.
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Figure 1: Left: Schematic of a 100 km tunnel for a Future
Circular Collider (FCC) in the Lake Geneva basin. Right:
Layout of the FCC-hh ring.
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PARAMETERS AND OPTIONS

Table 1 compares key parameters of FCC-hh [6] and HE-
LHC (preliminary) with those of LHC and HL-LHC. The
FCC-hh design considers parameter sets for two phases of
operation [7]: Phase 1 (baseline) aims at a peak luminosity
of 5 x 103 cm™2s~!, and should deliver about 250 fb~! per
year on average. In Phase 2 (ultimate) the peak luminosity is
increased by almost a factor of six, to about 3 103 cm~257L,
and the integrated luminosity by a factor of four to 1000 fb~!
per year.

The initial proton burn-off time can be computed as ,, =
Npnp, [ (Looiotnip), Wwhere Np, denotes the bunch population,
np the number of bunches per beam, and nip the number of
high-luminosity interaction points (IPs); njp = 2 for all four
colliders under consideration.

For both FCC-hh and HE-LHC there is an option of op-
erating with a reduced bunch spacing of 5 ns, instead of
the 25 ns spacing used at the LHC and HL-LHC. The total
beam current would be the same, so that for 5 ns spacing
the bunch charge is reduced by a factor of 5. To maintain
the same luminosity (and the same beam-beam tune shift),
the emittance also needs to be reduced by a factor 5, which
appears possible — at least during the course of a physics
fill — thanks to the strong radiation damping. The main
advantage of 5 ns spacing is a factor five lower event pile up
per bunch crossing in the particle-physics detectors. Possi-
ble disadvantages include much reduced transverse Landau
damping and potentially aggravated eletron-cloud effects.

LUMINOSITY EVOLUTION

The four hadron colliders operate in different regimes.

At the LHC, the intensity decreases due to burn off. For
the HL-LHC it is held constant by levelling (e.g. dynamic
change of B} |, during a physics fill [8]). In either of these two
cases, the transverse emittances do not much evolve during
a fill, since the weak radiation damping is roughly balanced
by the effects of intrabeam scattering, gas scattering and
beam-beam-related phenomena.

By contrast, for the FCC-hh the radiation damping is
extremely strong, faster than the burn off. As a result the
total beam-beam tune shift , AQyp, and luminosity increase
during the physics fill. From a certain moment onwards,
the emittance shrinkage may need to be counteracted by
controlled noise excitation, especially in Phase 1, in order
for the beam-beam tune shift or detector pile-up not to exceed
the empirical limits.

For the HE-LHC, the situation is again different. Here, the
initial proton burn off is (two times) faster than the emittance
shrinkage. In consequence, both the luminosity and the tune
shift naturally decrease with time.

Figure 2 presents the evolution of instantaneous luminos-
ity, integrated luminosity, bunch population, emittance, pile
up and beam-beam tune shift for both phases of FCC-hh over
24 h of running. Here, we assume that the injected beam
corresponds to the baseline parameters and a beam-beam
tune shift of AQx = 0.01. In Phase 2 the emittances are
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Figure 2: Instantaneous luminosity, integrated luminosity,
bunch population, emittance, total beam-beam tune shift,
and event pile up as a function of time during 24 hours with
25 ns bunch spacing, for FCC-hh Phases 1 (B8, = 1.1 m,
AQpb = 0.01) and 2 (B5 ,, = 0.3 m, AQp, = 0.03) [7].

allowed to shrink, the tune shift increases during the fill,
until the higher tune-shift limit of AQ = 0.03 is reached.
From this moment onwards the further emittance damping is
counterbalanced by a controlled blow up keeping the beam
brightness constant. Only the proton burn-off in collision
and the natural, or — after reaching the beam-beam limit
— controlled emittance shrinkage due to radiation damping
are taken into account. Other additional phenomena like
gas scattering, Touschek effect, intrabeam scattering, and
space charge are insignificant for the 50-TeV beams, in the
scenarios considered.
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Figure 3: Instantaneous lumimnosity, bunch population, emit-
tance, and total beam-beam tune shift, as a function of time
during 24 hours, for the HE-LHC with 25 ns bunch spac-
ing [9]. Nominal g} ;, = 0.25 m and ultimate 8, = 0.15m
(AQpb = 0.025).

Similar pictures for the HE-LHC, in Fig. 3, reveal the
difference in behavior: here the tune shift decreases while
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Table 1: Key Parameters of LHC, HL-LHC, HE-LHC (tentative), and FCC-hh
parameter FCC-hh HE-LHC HL-LHC LHC (pp)
centre-of-mass energy [TeV] 100 25 14 14
injection energy [TeV] 3.3(1.57) 0.45 0.45 0.45
ring circumference [km] 100 26.7 26.7 26.7
arc dipole field [T] 16 16 8.33 8.33
number of IPs 242 242 242 242
initial bunch population N, o [10'1] 1.0 (0.2) 2.5(0.5) 22 1.15
number of bunches per beam ny, 10600 (53000) 2808 (14040) 2748 2808
beam current [A] 0.5 1.29 1.11 0.58
initial (peak) luminosity/IP [10** cm™'s™!] 5-30 5-34 5 (levelled) 1
max. no. of events per bunch crossing 170-1020 (204) 1070 (214) 135 27
stored energy per beam [GJ] 8.4 1.4 0.7 ~0.4
arc synchrotron radiation [W/m/aperture] 28.4 4.1 0.33 0.17
bunch spacing [ns] 25 (5) 25 (5) 25 25
IP beta function g} |, [m] 1.1-0.3 0.25 0.15 (min.) 0.55
momentum compaction [1074] 1.0 3.2 3.5 3.2
initial normalized rms emittance [um] 2.2 (0.405) 2.5(0.5) 2.5 3.75
normalized transverse equil. emittance (SR) [um] 0.05 0.006 0.01 0.001
total cross section oyt [mbarn] 153 124 111 111
inelastic cross section oy [mbarn] 108 100 85 85
transverse emittance damping time 7, [h] 1.08 4.5 25.8 25.8
initial intensity burn off time 7, [h] 19.2-3.2 2.3 15.5 40.4
protons are consumed. For HE-LHC, the integrated lumi- 29,6

nosity barely improves when reducing 3} ,, below 0.25 m.
The evolution for 5 ns spacing would look the same as

for 25 ns spacing, except that bunch population, transverse

emittance and event pile up would all be a factor 5 lower.

SYNCHROTRON RADIATION

At the FCC-hh an unprecedentedly large synchrotron radi-
ation power of about 2.3 MW per beam is emitted in the cold
arcs. To efficiently absorb this synchrotron radiation a new
beam screen, inserted inside the cold bore of the magnets,
is proposed [10, 11]. As shown in Fig. 4, it features two slits
with an integrated wedge such that most primary photons
generated at 50 TeV beam energy are deflected upward and
downward behind the beam screen, where pumping holes
are placed, and very few photoelectrons are generated in-
side the beam screen proper. In addition, the beam screen
temperature will be raised, from 5-20 K at the LHC to 40—
60 K at the FCC-hh. The higher temperature improves the
Carnot efficiency and, thereby, facilitates the removal of the
synchrotron radiation heat load.

An unsolved issue is the correction of the dispersion gen-
erated from the vertical crossing at one of the two high
luminosity experiments. If this dispersion is corrected using
vertical orbit bumps along the adjacent short arcs, here the
synchrotron radiation fan can miss the beam screen slits.
Preliminary simulations show that this would generate only
a limited increase of the average gas density around the ring;
it could still give rise to significant electron-cloud effects,
especially at 5 ns bunch spacing.

Beam Dynamics in Rings
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Figure 4: FCC-hh beam-screen design with integrated
“folded” antechamber [10, 11].

As in electron storage rings, the eventual balance of the
radiation damping by photon quantum fluctuations, in con-
junction with the nonzero design dispersion, gives rise to
a horizontal equilibrium emittance, €.q, which can here
be considered a lower bound on the available emittance
range. Its value is given by €eq ~ quHﬁCF , where 6Oy
denotes the bending angle per half cell (0.0165 rad for the
LHC, 0.001 rad for the FCC-hh), F is a numerical factor
of order 1 which depends on the optics and the filling fac-
tor [12] (F = 3.1 for a FODO cell with 90 degree phase
advance and 80% dipole-magnet filling factor in the arcs),
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and C, = 55/(32V3)hc/(mpc?) = 2.09 x 107'° m des-
ignates the quantum constant for protons. For the hadron
colliders which we consider in this paper (LHC, HE-LHC
and FCC-hh) the equilibrium emittances from synchrotron
radiation are one to three orders magnitude smaller than
the initial emittances considered for use in operation (see
Table 1). However, for FCC-hh Phase 2 with 5 ns spacing
the final emittance at the end of a physics fill will reach this
equilibrium emittance value: This type of operation will
indeed be limited by the quantum fluctuations.

Synchrotron-light based emittance diagnostics has long
been used at electron storage rings and has also proven an
efficient non-invasive monitoring tool for the LHC.

The FCC and the HE-LHC will operate with a much
smaller geometric emittance, and much higher energy. The
FCC-hh will also have a larger bending radius than the LHC.
A comparison is given in Table 2, where the parameters for a
modern light source (MAX-IV) are included for comparison.
The emittances of the various FCC-hh scenarios are much
smaller than the horizontal emittance for any storage-ring
based light source operating or under construction. For 5
ns spacing, the transverse emittance also becomes smaller
than the lowest vertical emittances found in electron-storage
rings. Indeed the FCC-hh will produce diffraction-limited
light down to wavelengths of 1 ~ 4me < 0.1-0.01 nm,
thereby becoming a truly “ultimate storage ring”. The criti-
cal photon energy in the 16 T dipoles, 4.3 keV, corresponds
to a wavelength of 0.28 nm.

For the FCC-hh, at a location with large beta function, g8 ~
2 km, the rms beam size will be 200 um. A synchrotron light
monitor based on visible light (4 = 500 nm) from a standard
arc bending magnet can be used over the entire energy range
from 3 TeV to 50 TeV [13]. Similar to the existing diagnostics
at the LHC, this will allow standard beam profile imaging,
SR interferometry [14] for beam-size measurements, and
coronograph techniques [15] for beam halo measurement.
In addition, at FCC-hh, for beam energies above 30 TeV,
hard X-rays (10 keV) will also become available. In this
energy range, an X-ray pinhole camera will be a convenient
method for monitoring the beam profile and beam size [13].
Pinhole arrays are sometimes used to monitor beam size and
divergence simultaneously, e.g. [16].

INJECTOR SCENARIOS

The baseline scheme is to inject at a beam energy of 3.3
TeV from the present LHC, with upgraded ramping (factor 5
higher speed [17]) and decommissioned interaction regions
(IRs). The minimum FCC filling time then becomes 40
minutes (4 ramps). Another option, which could also provide
an energy of 3.3 TeV, is a 100-km superferric booster in the
FCC tunnel itself.

One alternative, with lower injection energy around 1.5
TeV, is based on a superconducting High Energy Booster
(HEB) installed in the SPS tunnel. The filling time of 34
minutes (34 ramps) is only marginally lower than for the
injection using the LHC. However, the HEB could greatly
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facilitate operation, avoid superconducting transfer lines,
and relax machine protection issues during the injection.

Main concerns related to the lower injection energy of 1.5
TeV are the much increased persistent current effects and
reduced beam stability with regard to impedance.

Enhanced persistent-current field errors at 1.5 TeV imply a
chromaticity swing of 8001600 units, which could possibly
be reduced either by optimizing the magnet design or by
using smaller filaments in the superconducting wire.

Proposed machine studies in LHC [18] and RHIC [19]
aim at exploring the possibility of lowering the injection
energy for these machines and accelerating a beam through
the “b3 minimum,” as proof-of-principle experiments.

OPTICS AND IR

The layout of the FCC-hh machine was illustrated in the
right picture of Fig. 1. A full ring optics for FCC-hh is
already available, including arcs, IR, injection region with
RF section, betatron collimation, energy collimation, and
extraction/dump line.

This optics can support S* values down to 0.3 m or even
0.05 m [20,21]. It is compatible with the achromatic tele-
scopic squeeze (ATS) scheme [22]. A 8% of 5 cm is the limit
determined by beam stay clear considerations [20]. This
also turns out to be the minimum useful value with regard
to integrated luminosity [21].

The interaction region design is scaled from the LHC/HL-
LHC. The free length from the collision point to the first
quadrupole is 45 m, i.e. about twice the length at the LHC,
which also provides the space needed for forward spectrom-
eter and compensator dipoles. The total length of the final
quadrupole triplet exceeds 100 m.

The inside of the final quadrupoles needs to include a >15
mm tungsten shield against collision debris to guarantee a
magnet lifetime of at least 5 years [23-25].

COLLECTIVE EFFECTS

The low revolution frequency of the FCC enhances the
resistive-wall instability. The growth rate of the most af-
fected lowest-frequency mode scales as [26]

_ Ibeam\/ﬁ Sgn(Aﬁ)
YOpfi b 1]

where p designates the resistivity of the inner side of the
beam screen, Qg the betatron tune, Ag the fractional part
of the betatron tune (with values between —1/2 and 1/2),
and b the vertical half gap. The FCC-hh half gap is 13
mm instead of 17 mm for the LHC. The betatron tune is
about 2 times the LHC tune. The revolution frequency is 4
times lower. At the higher beam-screen temperature of 50 K
(compared with 5-20 K at the LHC), the surface copper layer
(at RRR ~ 100 [27]) has about a 5 times higher resistivity
p. The FCC-hh resistive-wall instability growth time at the
LHC betatron tune of Ag = 0.32 amounts to 47 turns at an
injection energy of 1.5 TeV and 91 turns at 3.3 TeV [28]. The

1
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Table 2: Emittances and a few other parameters for LHC, HE-LHC (tentative), and FCC-hh, compared with the corresponding

values at a modern electron-beam light source (MAX-IV).

parameter FCC-hh Phase 1 (2) HE-LHC LHC (pp) | MAX-1V
beam energy [TeV] 50 12.5 7 0.003
bunch spacing [ns] 25 5 25 5 25 10
initial bunch population N, o [10'1] 1.0 0.2 2.5 0.5 1.15 0.3
initial geometric rms emittance [pm] 41 8 188 38 500 200
final geometric rms emittance [pm] 19 (2) 4 (1) 98 20 500 200
wave length at diffraction limit [nm] | 0.025-0.5 0.01-0.1 1.2-2.4 0.25-0.48 6.3 2.5
arc bending radius [km] 104 2.8 2.8 0.019
critical photon energy [keV] 4.3 0.25 0.044 3.1

corresponding growth rates can be damped by a (possibly
distributed) multi-band feedback system [29]. The instability
may be further weakened by coating the beam screen with
HTS materials like T1-1223 or YBCO [30]. The single-
bunch threshold of the transverse mode coupling instability
is about an order of magnitude higher than the nominal
bunch charge.

The electron-cloud instability needs to be addressed for
the two bunch spacings of 5 and 25 ns. At the shorter spacing,
Landau damping of multi-bunch instabilities by octupole
magnets in the arcs will be 5 times less effective. Combin-
ing the FCC-hh beam-screen design featuring “antechamber”
slits with a beam-screen surface layer of low secondary emis-
sion yield (obtained, e.g., by means of amorphous carbon
coating or laser treatment [31]), may render the electron
cloud harmless at any bunch spacing.

Achievable total head-on beam-beam tune shifts are taken
to range from 0.01 (Phase 1) to 0.03 (Phase 2) as already
demonstrated at the LHC without any noticeable effect on
lifetime or emittance evolution.

COLLIMATION AND PROTECTION

A preliminary collimation system design has been devel-
oped for the FCC-hh based on scaling arguments [32]. At
present the betatron collimation section extends over a con-
siderable length of 2.8 km. Future options include smaller
gaps, use of advanced, higher-performance collimator mate-
rials, deployment of bent crystals or electron lenses etc.

First simulations of collimation efficiency for the present
system indicate a potential problem with losses of off-energy
particles in the dispersion suppressors located downstream
of the collimator insertions [33—-35] and around the high-
luminosity collision points. It is planned to add collimators
at adequate locations in the dispersion suppressors, like those
to be installed for the HL-LHC.

At top energy, the energy stored in the FCC-hh beams
is about 20 times higher than for the LHC. Machine pro-
tection is critical. Pertinent aspects include the survival of
the collimators in standard operation, in presence of regular
losses, and in case of the asynchronous firing of a beam
dump kicker, and the injection process, where the number
of bunches per shot will be more limited than for the LHC.

Beam Dynamics in Rings

FCC HEAVY-ION PERFORMANCE

Like the LHC, the FCC-hh could provide collisions of
nuclear beams. Table 3 summarizes the principal beam pa-
rameters for Pb-Pb and p-Pb collisions [36,37]. For heavy
ions, the synchrotron radiation damping rates are about twice
as fast as those of protons while the low-intensity equilib-
rium emittance is very much smaller (and unlikely ever to be
reached). In a typical fill, the luminosity first rises sharply
and subsequently decays in a regime governed by the in-
terplay among luminosity burn-off, intra-beam scattering
(IBS) and radiation damping [36]. The peak Pb-Pb lumi-
nosity at the FCC-hh is about 60 times higher than the de-
sign value for the LHC ALICE experiment. As at the LHC,
photon-photon and photo-nuclear interactions will generate
secondary beams emerging from the interaction points with
intensities proportional to luminosity. The power they carry
will increase from several tens of watts at the LHC to sev-
eral kW. Suitable absorbers will have to be included in the
dispersion suppressor sections to intercept them and avoid
magnet quenches.

Table 3: Selected Beam and Performance Parameters for
the FCC-hh in Pb-Pb and p-Pb Modes [36,37]

operation mode Pb-Pb  p-Pb
beam energy [TeV] 4100 50
c.m. energy/nucl. \/snn [TeV] 394 62.8
no. of bunches / beam 2072 2072
bunch population [108] 2.0 164
transv. norm. emittance [um] 1.5 3.75
IP beta function ﬁ;’y [m] 1.1
hor. IBS emit. growth time [h] 234  4x10°
long. emit. rad. damping time [h] | 0.24 0.5
init. luminosity [107cm™2s7!] 24.5 2052
peak luminosity [10%’cm™2s™!] 578 9918
CONCLUSIONS

Future hadron colliders like FCC-hh and HE-LHC will
enter a new parameter regime, which implies novel chal-
lenges as well as novel opportunities in beam dynamics, and
calls for innovative technological approaches.

The rapidly growing global FCC collaboration is devel-
oping a cost-effective design with optimized performance.
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