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Abstract

A new international study has just been launched to design a hadron collider with a centre-of-mass energy of the
order of 100 TeV in a new 80-100 km tunnel as a long-term goal. The design study includes a 90-350 GeV lepton
collider, seen as a potential intermediate step, and an ep option. This paper reports on the overall parameters and
preliminary optics designs with special emphasis on the Interaction Regions and the constraints arising for having to
host both the lepton and the hadron colliders. Preliminary hardware specifications, as magnetic field, gradient, lengths

and aperture are also presented.

1. Introduction

The Future Circular Collider (FCC) [1] design study
aims at providing proton collisions with an energy
about an order of magnitude beyond the existing Large
Hadron Collider (LHC). Specifically, the FCC ring cir-
cumference of about 100 km (Fig. 1) would enable
pp collisions of 50 TeV c.m. with the present 8.3 T
LHC magnets, of 100 TeV with 16-T magnets (FCC-
hh baseline), and of 125 TeV with 20-T magnets. The
same tunnel infrastructure could accommodate a high-
luminosity circular e*e™ collider (FCC-ee), operating
at 90-350 (500) GeV, as a potential intermediate step,
and a high-luminosity high-energy lepton-hadron col-
lider (FCC-he).

With a maximum centre-of-mass energy of 209 GeV,
LEP2, in operation at CERN until 2001, has been the
highest energy e*e™ collider so far. The discovery, in
2012, of a Higgs-like boson at an energy reachable
by a collider slightly more energetic than LEP2, to-
gether with the excellent performance achieved in the
two B factories PEP-1I and KEKB, have led to new pro-
posals [2, 3, 4, 5, 6] for a next-generation circular e e~
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Figure 1: Schematic of a 100 km tunnel for a highest-energy circular
collider in the Lake Geneva basin.
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collider. In order to serve as a Higgs factory such a col-
lider needs to be able to operate at least at a centre-of-
mass energy of 240 GeV (for efficient ee™ — ZH pro-
duction), i.e. 15% above the LEP2 peak energy. Reach-
ing even higher energies, e.g. up to 350 GeV centre of
mass, for #f production, or 500 GeV for ZHH and Ztt
studies, might be possible for a new ring of larger cir-
cumference.

FCC-ee (formerly TLEP), a machine of 100 km cir-
cumference with 4 Interaction Points (IPs), aims at
2%x10%* and 6x10%* cm™2s~! per IP at 350 and 240 GeV,
respectively, as well as much higher luminosities at the
Z pole and WW threshold, for high-precision measure-
ments [7].

Table 1 compares the beam parameters of the pro-
posed future circular colliders with the LHC design and
LEP2, respectively.

2. The tunnel

The length of the FCC tunnel ranges between 80 and
100 km, see Fig. 1. Its shape could be close to circu-
lar, like the LHC, or could include long straight sec-
tions with various functionalities forming a racetrack,
like the SSC. During the SSC design the racetrack shape
was favoured from the beam dynamics point of view for
having better control of the optics between adjacent In-
teraction Regions (IRs) placed in the same straight sec-
tion [8, 9]. This would allow stable cancellations of
chromatic aberrations between the IRs. Nevertheless,
the LHC has demonstrated unprecendented optics con-
trol around the 27 km [10] for hadron colliders, reach-
ing a peak relative beta-function deviation of 7 + 4%
throughout the machine cycle. This has been possi-
ble thanks to an excellent magnetic model [11] and the
installation of AC dipoles [12] which allow using the
same beam for several non-desctructive optics measure-
ments [13].

In summary beam dynamics do not favour either the
circular or the racetrack shape. So far, this is also true
for the lepton collider. The tunnel shape should be
decided from geological and infrastructural considera-
tions.

3. Hadron Collider

FCC-hh major challenges include the development
of economical high-field magnets; the arc beam pipe,
which will be exposed to synchrotron-radiation (SR)
levels unprecedented in a cold machine; the design of

200 240

Figure 2: Preliminary design of the FCC-hh superconducting mag-
nets, featuring a 30 cm beam separation and a field of 15 T [14].

the interaction region for minimum S*; and overall pa-
rameter optimization including constraints from the de-
tectors.

The magnets of the present LHC are made from Nb-
Ti superconductor, which supports a maximum field of
about 10 T. Nb3Sn superconductor can reach a practi-
cal magnetic field up to 16 T. The production of Nb;Sn
cables is well advanced, and the installation of a few
Nb3Sn dipole and quadrupole magnets is planned for the
HL-LHC around 2023, which will represent an impor-
tant milestone towards the FCC. A preliminary design
of the FCC-hh dipoles at 15 T is shown in Fig. 2 [14].

The FCC-hh design baseline aims at a peak lumi-
nosity of 5 x 10%* ecm™2s7!, i.e., the same value as for
the LHC luminosity upgrade (HL-LHC). At 100 TeV
with 25-ns bunch spacing this luminosity corresponds
to a pile up of about 170 events per crossing, a beam
lifetime of about 19 hours (with a total cross section
Ot & 153 mbarn), and close to 100 kW of debris at
each collision point.

Scaling, from the LHC, the arc longitudinal dimen-
sions as the square root of the circumference yields
an FCC-hh arc cell about 200 m long, a betatron tune
around 120, and a maximum value of the arc beta func-
tions of about 350 m. Similar values are derived from
considerations of beam stability, dipole fill factor, and
magnet-strength limitations.

In straight sections it is possible to scale the longitu-
dinal dimensions with the third root of the energy. This
is achieved by keeping constant the quadrupole pole tip
field (assuming same technology), increasing the gradi-
ent and reducing the aperture by the same factor of the
third root of the energy ratio. With this configuration
the beta-function along the straigth section scales with
the third root of the energy.

Scaling from the LHC, or the HL-LHC IR, the
minimum required FCC IR length is (50/7)'/3 x
550m~ 1100 m. This yields a 8* value of 0.8 m which
provides margin to reach the FCC design of $*=1.1 m,
see Fig. 3.
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Table 1: Parameters of the proposed FCC-hh, FCC-ee/TLEP, compared with LEP2 and the LHC design.

parameter LHC (pp) | FCC-hh LEP2 FCC-ee (TLEP)

design achieved Z Z (cr. w.) W H tr
species pp pp ete” ete” ete” ete” etem  eter
Eveam [GeV] 7,000 50,000 104 45.5 45 80 120 175
circumf. [km] 26.7 100 26.7 100 100 100 100 100
current [mA] 584 500 3.0 1450 1431 152 30 6.6
no. of bunches, n, 2808 10600 4 16700 29791 4490 1360 98
N, [10'1] 1.15 1.0 4.2 1.8 1.0 0.7 0.46 1.4
€, [nm] 0.5 0.04 22 29 0.14 33 0.94 2
€ [pm] 500 41 250 60 1 7 2 2
B [m] 0.55 1.1 1.2 0.5 0.5 0.5 0.5 1.0
By [mm] 550 1100 50 1 1 1 1 1
o [um] 16.7 6.8 162 121 8 26 22 45
oy [pm] 16.7 6.8 35 0.25 0.032 0.13 0.044 0.045
0. [mrad] 0.285 0.074 0 0 30 0 0 0
fit IMHz] 400 400 352 800 300 800 800 800
Vie [GV] 0.016 >0.020 3.5 2.5 0.54 4 55 11
a. [1073] 32 11 14 18 2 2 0.5 0.5
SR (%] — — 0.16 0.04 0.04 0.07 0.10 0.14
o-zsfms [mm)] — — 11.5 1.64 1.9 1.01  0.81 1.16
o [%] 0.003 0.004 0.16 0.06 0.12 0.09 0.14 0.19
o ons [mm] 75.5 80 11.5 2.56 6.4 1.49 1.17 1.49
Fig 1.0 1.0 0.99 0.64 0.94 079 080 0.73
7) [turns] 10° 107 31 1320 1338 243 72 23
&, /1P 0.0033 0.005 0.04 0.031 0.032 0.060 0.093 0.092
&,/1P 0.0033 0.005 0.06 0.030 0.175 0.059 0.093 0.092
no. of IPs, n;p 34 2(4) 4 4 4 4 4 4
L/TP [10%4/cm?/s] 1 5 0.01 28 219 12 6 1.7
Theam [MiN] 2760 1146 300 287 38 72 30 23
Pgr/beam [MW] 0.0036 24 11 50 50 50 50 50
energy / beam [MJ] 392 8400 0.03 22 22 4 1 0.4
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Figure 3: FCC-hh triplet design with 8 = 0.8 m and a free length
of L*= 46 m obtained by scaling the LHC triplet with the factor
(50/7)'3.

Energy deposition simulations have been carried out
for this triplet design. The corresponding FLUKA [15]
model is shown in Fig. 4.

T T
30 -

4000 5000 6000 7000 8000 9000 10000
Distance from IP [cm]

Figure 4: FLUKA model of the first FCC-hh tiplet design showing
the TAS (yellow), superconducting coils (blue and green) and the iron
yoke (brown).

The dose received by the triplet quadrupoles assum-
ing a luminosity of 5 x 103*cm™2s7! is almost two or-
ders of magnitude larger than that for the LHC, see
Fig. 5. This would only allow to integrate 30 fb~! as-
suming a larger resilience to radiation of the Nb3Sn
triplet quadrupoles.

In order to alleviate the radiation dose in the triplets
it is necessary to increase the quadrupole aperture and
increase the thickness of the absorbing material in be-
tween the coils and the beam pipe. This can be achieved
by reducing the free distance to the IP and might, in
principle, allow to reduce the g*. Figure 6 shows a
“pushed” IR optics which achieves a significantly lower
B* of 0.3 m with L*= 36 m. This could allow reducing
the beam current below its baseline value of 0.5 A, while
keeping the peak or integrated luminosity constant. For
example, with a 8* of 0.3 m, at equal average luminos-
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Figure 5: Energy deposition in the first FCC-hh triplet design.

ity the maximum beam current would need to be only
0.20-0.25 A, instead of 0.5 A, reducing the SR power
by more than a factor of two. The energy deposition
studies for this pushed IR are underway.
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Figure 6: “Pushed” IR optics with 8 = 0.3 m and a free length
L*=36m.

Indeed, one important novel feature of FCC-hh is the
high SR power, which is close to 2.4 MW per beam (at
a beam current of 0.5 A) to be contrasted with 3.6 kW
at the LHC. This power translates into a baseline heat
load per meter and aperture of about 30 W/m/aperture,
which could be absorbed on a beam screen (BS) inside
the cold magnets as for the LHC, but at a higher BS
temperature than the LHC’s 5-20 K, in order to mini-
mize the total refrigerator power [16]. Raising the BS
temperature improves the Carnot efficiency for heat re-
moval, but it also increases the heat radiation from the
BS onto the cold bore of the magnets. The BS tem-
perature which maximizes the total cooling efficiency
increases as a function of SR heat load. At SR levels
of 10-40 W/m the optimum is found at 50-100 K [17].
On the other hand, the warmer the BS, the larger is its
resulting beam impedance.
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Counteracting the radiation damping, during physics
runs a continuous longitudinal and transverse noise ex-
citation needs to be applied to keep the bunch length
constant (preventing both component heating and in-
stabilities) and to avoid excessive beam-beam tune
shifts [18]. The controlled slow decrease of the trans-
verse emittance, in proportion to the intensity decay,
would allow for a dynamic 8* squeeze maximizing the
integrated luminosity.

The total energy stored in the high-field magnets may
exceed 100 GJ, while each of the two 50 TeV proton
beams contains about 8 GJ. The systems for machine
protection, beam dump, and collimation must be laid
out accordingly.

4. Lepton Collider

Major challenges are designing an interaction re-
gion with 1.5-2.0% momentum acceptance; achieving a
vertical-to-horizontal emittance ratio of 0.1% with col-
liding beams; and minimizing the cost while maximiz-
ing the efficiency of the SRF system.

Due to the unavoidable radiative Bhabha scattering
the typical beam lifetime at the FCC-ee is about 40
times shorter than for LEP2 as a result of the much
higher luminosity. The short beam lifetime, of less than
one hour, can be counteracted by top-up injection, a
scheme which has successfully been used at the KEKB
and PEP-II B factories. Top-up injection allows oper-
ating the collider at constant magnetic field and with
almost constant beam current, thereby avoiding mag-
net cycles and thermal transients, and greatly facilitating
the optics tuning of the accelerator for optimum perfor-
mance. Top-up injection requires a full-energy injector,
i.e. with an energy of up to 175 GeV at least, which can
be installed in the same 100-km tunnel as the collider.

The FCC-ee collider is conceived as a double ring
with separate beam pipes for the two counterrotat-
ing lepton beams. This avoids parasitic collisions
and, thereby, permits operation with a large number of
bunches.

The synchrotron radiation power per beam is Psg =
(4r/3)(re/(mec*))EL . frevtsNy/p. The FCC design
assumes a constant SR power of 50 MW per beam

Beamstrahlung, i.e. synchrotron radiation emitted
during the collision in the field of the opposing beam,
increases the steady-state energy spread and bunch
length [19, 20]. Its high-energy tail may also limit the
beam lifetime [21, 22], if beam particles which lose a
significant fraction of their energy fall outside of the
relative momentum acceptance Jd,.c. Momentum ac-

ceptance is dominated by the IR design. Two first ex-
ploratory IR designs from CERN and BINP are de-
scribed in the following.

4.1. CERN IR design

The CERN interaction region is shown in Fig. 7 to-
gether with the optical functions. It consists of a Fi-
nal Focus System (FFS), Vertical and Horizontal Chro-
matic Correction Sections (CCSV, CCSH) and a Match-
ing Section (MS). Currently the CERN design is sill in
a very early stage of development and only the tt set-
tings have been matched. The last drift, L*, should be
as small as possible while still leaving enough space to
host the detector. At this stage of the design, L* = 2 m
is considered reasonable. Quadrupole design studies for
SuperB suggest a minimum crossing angle of 11 mrad,
which is used in the current CERN design.
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Figure 7: Optical functions of the CERN IR design.

4.2. BINP IR design

The philosophy of the BINP interaction region de-
sign is to apply a crab waist collision scheme [23] in or-
der to increase Luminosity at low energies (Z,W). How-
ever, at high energies (H, tt) the crab waist scheme has
no considerable advantages since the beam-beam tune
shift, and thereby the Luminosity, is limited by beam-
strahlung. The BINP crossing angle is 30 mrad.

The general layout [24] and the optical functions are
shown in Fig. 8. Again, a Final focus system (FFS) and
Vertical and Horizontal Chromaticity Correction Sec-
tions can be seen as well as a CRAB section providing
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the necessary phase advance and optical functions for
the crab sextupoles. The Chromaticity Correction Sec-
tions are much shorter than in the CERN design but this
advantage comes at the price of much stronger dipoles.
To mitigate the effects of synchrotron radiation at the IP
(background in the detector), the first dipole has a rather
low magnetic field.
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Figure 8: Optical functions of the BINP IR design.

4.3. Comparison and difficulties

In Fig. 9 the geometry of both FCC-ee designs are
shown, together with the FCC-hh design for L* = 36 m.
Both FCC-ee designs require approximately the same
tunnel diameter of about 2 m, which is reasonable.

Both BINP and CERN IR designs are incomplete
since the two e*/e” lines need to be brought together
and an RF section should also be included. First com-
parsions of synchrotron radiation are shown in Table 2.
The BINP design radiates considerably more power
than CERN design, more than 10 % of the overall Syn-
chrotron radiation budget. Further studies are needed to
determine how to shield this radiation.

First tracking calculations with the full 100 km arc
lattice for high energies (Higgs, tt) were conducted for
both designs. All simulations were performed for on-
momentum particles, 500 full turns with four IPs and
without radiation by MADX and PTC. For these early
studies the matching of arcs and interaction region was
rather preliminary. The machines do not yet fully close
and no RF section around the IR is included. The aim
of these studies is to provide a first look at the dynamic
aperture.

Table 2: Characteristics of the synchrotron radiation in the interaction
regions.

Z tt
Average total power per IP [kW]
- CERN 138 138
- BINP 1460 1410
Energy loss per particle per IP [MeV]
- CERN 0.8 168
- BINP 2.0 440
Average power in last dipole [kW]
- CERN 7.3 7.3
- BINP 8.2 8.0
Critical Energy in last dipole [keV]
- CERN 8.8 503
- BINP 20 1100
30 T T T T T T
+ CERN 80km
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20 —
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Figure 10: Dynamic apertures of the CERN design for 80 km option
and two 100 km options at different working points.

The results for two different working points for the
CERN IR are shown in Fig. 10 together with the ear-
lier results with an 80 km arc lattice [25]. The largest
dynamic aperture found so far is about 130 in the hori-
zontal plane and 250 in the vertical plane.

Fig. 11 shows the tracking results for the BINP design
at the 100 km option. It has a dynamic aperture of 8o
horizontaly and almost 1000 vertically. The latter is a
very important property because the vertical beam size
is considerably smaller than the horizontal.
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Figure 9: Comparison of the geometry of the current FCC-hh design and both FCC-ee designs. Dispersion suppressors are not included. Red
rectangles represent quadrupoles, blue rectangles dipoles. Note the different scales for hadron and electron machines.
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Figure 11: Dynamic aperture of the BINP design for the 100 km op-
tion.
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