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Abstract. In response to the 2013 Update of the European Strategy for
Particle Physics (EPPSU), the Future Circular Collider (FCC) study
was launched as a world-wide international collaboration hosted by
CERN. The FCC study covered an energy-frontier hadron collider
(FCC-hh), a highest-luminosity high-energy lepton collider (FCC-ee),
the corresponding 100 km tunnel infrastructure, as well as the physics
opportunities of these two colliders, and a high-energy LHC, based
on FCC-hh technology. This document constitutes the fourth volume
of the FCC Conceptual Design Report, devoted to the High-Energy
Large Hadron Collider HE-LHC. It summarizes the HE-LHC physics
discovery opportunities, presents the HE-LHC accelerator design, per-
formance reach, and operation plan, discusses the underlying tech-
nologies, the civil engineering and technical infrastructure, and also
sketches a possible implementation. Combining ingredients from the
Large Hadron Collider (LHC), the high-luminosity LHC upgrade and
adding novel technologies and approaches, the HE-LHC design aims at
a hadron collider with about twice the centre-of-mass collision energy
that the LHC can reach. Its performance aims at exploring physics
beyond the Standard Model, significantly extending the LHC’s direct
and indirect sensitivity to new physics and discoveries.

a
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Preface

The 2013 Update of the European Strategy for Particle Physics (ESPPU) [1] stated,
inter alia, that “... Europe needs to be in a position to propose an ambitious post-
LHC accelerator project at CERN by the time of the next Strategy update” and that
“CERN should undertake design studies for accelerator projects in a global context,
with emphasis on proton—proton and electron-positron high-energy frontier machines.
These design studies should be coupled to a vigorous accelerator RED programme,
including high-field magnets and high-gradient accelerating structures, in collabora-
tion with national institutes, laboratories and universities worldwide” .

In response to this recommendation, the Future Circular Collider (FCC) study
was launched [2] as a world-wide international collaboration under the auspices of the
European Committee for Future Accelerators (ECFA). The FCC study was mandated
to deliver a Conceptual Design Report (CDR) in time for the following update of the
European Strategy for Particle Physics.

European studies of post-LHC circular energy-frontier accelerators at CERN had
actually started a few years earlier, in 2010-2013, for both hadron [3-5] and lep-
ton colliders [6-8], at the time called HE-LHC/VHE-LHC and LEP3/DLEP/TLEP,
respectively. In response to the 2013 ESPPU, in early 2014 these efforts were com-
bined and expanded into the FCC study.

The international FCC collaboration has developed the design of a high-energy
hadron collider (HE-LHC) in the existing LHC tunnel. It would provide proton—
proton collisions at a centre-of-mass energy twice that of the LHC, leading to an
increased discovery potential for new physics and more precise measurements of the
Higgs boson. It could also offer a heavy-ion programme and a lepton-hadron interac-
tion point, thus providing broad perspectives for research at the energy frontier.

Five years of intense work and a steadily growing international collaboration have
resulted in the present Conceptual Design Report, consisting of four volumes covering
the physics opportunities, technical challenges, cost and schedule of several different
circular colliders, some of which could be part of an integrated programme extending
until the end of the 21st century.

Geneva, December 2018

/ --'. & j-l— . i :
o & = @falntlo . ""1:_:'._.-._-_|'I

Rolf Heuer Fabiola Gianotti-
CERN Director-General 2009-2015 CERN Director-General since 2016
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Executive summary
Overview
Particle physics has arrived at an important moment in its history. The discov-

ery of the Higgs boson, with a mass of 125 GeV, completes the matrix of particles
and interactions that has constituted the “Standard Model” for several decades.
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This model is a consistent and predictive theory, which has so far proven success-
ful at describing all phenomena accessible to collider experiments. However, several
experimental facts require the extension of the Standard Model and explanations
are needed for observations such as the abundance of matter over antimatter, the
striking evidence for dark matter and the non-zero neutrino masses. Theoretical
issues such as the hierarchy problem and, more in general, the dynamic origin of
the Higgs mechanism, likewise point to the existence of physics beyond the Standard
Model.

This report contains the description of a novel research infrastructure based on
a high-energy hadron collider, which extends the current energy frontier by almost a
factor 2 (27 TeV collision energy) and delivers an integrated luminosity of at least a
factor of 3 larger than the HL-LHC. In connection with four experimental detec-
tors, this infrastructure will deepen our understanding of the origin of the elec-
troweak symmetry breaking, allow a first measurement of the Higgs self-coupling,
double the HL-LHC discovery reach and allow for in-depth studies of new physics
signals arising from future LHC measurements. This collider would directly pro-
duce particles at significant rates at scales up to 12 TeV. The project reuses the
existing LHC underground infrastructure and large parts of the injector chain at
CERN. This particle collider would succeed the HL-LHC directly and serve the
world-wide physics community for about 20years beyond the middle of the 21st
century.

The European Strategy for Particle Physics (ESPP) update 2013 stated “To stay
at the forefront of particle physics, FEurope needs to be in a position to propose an
ambitious post-LHC' accelerator project at CERN by the time of the next Strategy
update”. The FCC study has implemented the ESPP recommendation by developing
a vision for an “accelerator project in a global context”. This document describes the
detailed design and preparation of a construction project for a post-LHC circular
high-energy hadron collider “in collaboration with national institutes, laboratories
and universities worldwide”, and enhanced by a strong participation of industrial
partners. A coordinated preparatory effort can now be based on a core of an ever-
growing consortium of already more than 135 institutes world-wide.

Accelerator

The HE-LHC would provide pp collisions at about twice the collision energy of the
LHC, using the existing LHC tunnel infrastructure, without any increase of the tun-
nel cross section. Reaching a target beam energy of 13.5 TeV relies on the FCC-hh
magnet technology. The accelerator will be built with FCC-class 16 T dipole magnets.
Compared to the straight FCC-hh magnets, the HE-LHC magnets will be curved.
Achieving a centre-of-mass energy close to 27 TeV with 16 T magnets requires a dipole
filling factor similar to that of the LHC.

Parameters

The baseline design parameters are summarised in Table 1, which also presents a
comparison with the corresponding values for LHC, HL-LHC and FCC-hh [9]. It
is assumed that HE-LHC will accommodate two high-luminosity interaction-points
(IPs) 1 and 5, at the locations of the present ATLAS and CMS experiments. IPs 2 and
8 could host secondary experiments combined with injection, as for the present LHC,
or the available space could be exploited to serve other needs, e.g. for an extended
high-energy injection section or for collimation.
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Table 1. Key parameters of HE-LHC compared with FCC-hh, HL-LHC and LHC, for
operation with proton beams.

Parameter Unit FCC-hh HE-LHC (HL-)LHC
Centre-of-mass energy TeV 100 27 14
Injection energy TeV 3.3 1.3 (0.9, 0.45) 0.45
Peak arc dipole field T 16 16 8.33
Circumference km 97.8 26.7 26.7
Straight-section length m 1400 528 528
Beam current A 0.5 1.12 (1.12) 0.58
Bunch population 10t 1.0 2.2 (2.2) 1.15
Number of bunches/beam - 10400 2808 (2760) 2808
RF voltage MV 32 16 (16) 16
RMS bunch length mm ~ 80 90 (90) 75.5
Longitudinal emittance (4no.0g) eVs ~8 4.2 2.5
Bunch spacing ns 25 25 25
Norm. transv. rms emittance pm 2.2 2.5 (2.5) 3.75
IP beta function 8} , m 1.1 0.3 0.45 (0.15) 0.55
Initial rms IP beam size o pam 6.7 3.5 9.0 (7.1min) 16.7
Half crossing angle prad 37 100 165 (250) 142.5
Peak luminosity per IP 1034 em =271 5 30 16 (5, levelled) 1
Peak no. of events/crossing - 170 1000 460 (135) 27
RMS luminous region mm 53 49 57 (68) 45
Stored energy/beam GJ 8.4 1.4 (0.7) 0.36
SR power/beam kW 2400 100 (7.3) 3.6
Transv. emittance damping time h 1.1 3.6 25.8
No. of high-luminosity IPs - 2 2 2 (2) 2
Initial proton burn-off time h 17 3.4 2.5 (15) 40
Allocated physics time/year days 160 160 160 160 (160)
Average turnaround time h 5 4 5 4 (5)
Optimum run time h 11.6 3.7 5.3 (18-13) ~10
Accelerator availability — 70% 70% 75% (80%) 71%
Nominal luminosity per day b1 2.0 8.0 4.5 (1.9) 0.4
Luminosity per year (160 days) [ >250 | >1000 500 (350) 55

Notes. All values, except for the injection energy itself, refer to the collision energy.

Optics

A large number of possible arc optics for the HE-LHC were surveyed. The two best
performing optics were developed further. One of these is LHC-like with 23 cells per
arc, and 90° phase advance per cell. The other optics features fewer (18), longer
cells, which results in a higher dipole filling factor and, hence, energy reach. With
reference to the number of optical cells per arc and to their betatron phase advance
per cell, these two optics are called 23 x 90 and 18 x 90, respectively; see Figure 1.
For a dipole field of 16 T, the 18 x 90 optics yields a collision energy above 27 TeV,
the 23 x 90 optics close to 26 TeV.

In the experiment insertions the higher energy beams of the HE-LHC must be
focused and separated within the limited length of the existing straight sections of
the LEP/LHC tunnel. Figure 2 compares the layout of the HE-LHC final focus with
those of the present LHC and the HL-LHC upgrade. The triplet for the HE-LHC is
noticeably longer than either of the other two.

Specific optics were also developed for the other long straight sections,
including those accommodating collimation, radiofrequency systems, injection, and
extraction.
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Fig. 1. Optics and magnet layout for the regular arc cell of the 18 x 90 optics with 18 cells
per arc (left) and for the 23 x 90 optics with 23 cells per arc and longer cells (right).

Performance

The HE-LHC luminosity evolution during a physics fill is determined by the combined
effects of proton burn-off and significant radiation damping. An integrated luminosity
exceeding 10ab~! is within reach over about 20 years of pp operation.

In addition to delivering pp physics at the energy frontier, the HE-LHC could
operate as the world’s highest-energy heavy-ion and ion-proton collider; and by
adding a 60 GeV electron beam from a multi-pass energy-recovery linac, the HE-LHC
could also provide high-energy lepton-proton and lepton-ion collisions (“HE-LHeC”).

Ingection

After the LHC Injector Upgrade (LIU) [10], scheduled to be completed in 2020,
an extremely bright proton beam will be available for injection into the HE-LHC.
Injection into the HE-LHC could be accomplished from a new fast ramping supercon-
ducting (SC) synchrotron in the SPS tunnel (scSPS). SC magnets with double-layer
coils would allow an injection energy of 1.3 TeV, which provides an adequate dynamic
and physical aperture at injection and has been chosen as a solid baseline. Alternative
injector scenarios include injection at 900 GeV from a single-layer coil SC synchrotron
in the SPS tunnel, or injection from the existing warm SPS at 450 GeV.

Technologies

In the HE-LHC, both the synchrotron radiation power and, in particular, the photon
flux, are much higher than in the LHC. The FCC-hh beamscreen design offers an
adequate solution for the challenging cryogenic beam-vacuum system of HE-LHC.
The 16 T dipole magnets for the HE-LHC rely on NbgSn. Experience has been
gained in the use of this technology in both the USA and Europe, not only on
R&D magnets but, more recently, thanks to the HL-LHC project, also on accelerator
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Fig. 2. Geometric layout of the HE-LHC final focus system (bottom) compared with the
present LHC (top) and the HL-LHC final focus (centre).

magnets. High-performing Nb3Sn conductors have already been produced by new
collaborating partner institutes and companies, achieving a J. performance of the
order of the specification for HL-LHC. Work performed on grain refinement and
artificial pinning centres (APC) [11] has shown promising results, nearly doubling
the J. at 12T, 4.2K on small samples.

The nonlinear field component of the Nb3Sn dipole magnets, due to persistent
currents in the superconducting cable, limits the dynamic aperture at injection. To
obtain an acceptable field quality for the HE-LHC Nb3Sn magnets, the effective fila-
ment size of the SC wire is chosen as 20 pm, which is smaller than the 50 ym filament
diameter of the HL-LHC conductor. A further improvement of the field quality at
injection is expected from the addition of APCs, with a realistic target value for the
pinning efficiency taken to be 50%. Figure 3 shows the sextupole field error as a func-
tion of the dipole field strength without any artificial pinning centres, with an ideal
pinning efficiency of 100%, and with the baseline 50% flux pinning efficiency. Table 2
illustrates the simulated off-momentum dynamic aperture (DA) due to the multi-
pole errors, including correctors for the systematic sextupole, octupole and decapole
components (b, by and bs) in each arc. Requiring a dynamic aperture of at least
120, as for the LHC design, means that at present, the only robust solution is the
23 x 90 optics with an injection energy of 900 GeV or above. The 18 x 90 optics with
an injection energy of 1.3 TeV appears marginally acceptable.
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radius of 16.7mm, as a function of field strength, for an effective Nb3Sn filament size of
20 pm, without flux pinning (blue), with 100% artificial pinning (red), and with a realistic
50% pinning efficiency (black). Three different injection energies are indicated.

Table 2. Simulated minimum dynamic aperture due to all nonlinear multipole errors, up
to 20-poles, as obtained by tracking over 10° turns.

Optics | Parameter 450 GeV | 900 GeV | 1.3 TeV
23 x 90 | DA with 50% flux pinning 5.40 12.30 15.90
18 x 90 | DA with 50% flux pinning 2.70 7.40 11.20

Notes. The systematic parts of the b3, bs and bs errors were corrected.

The integration into the existing LHC tunnel, along with the larger size of the HE-
LHC cryogenic distribution line, limits the maximum outer diameter of the HE-LHC
arc cryomagnets to 1.2m, as is illustrated in Figure 4.

The HE-LHC cryogenics infrastructure provides the conditions to operate the
superconducting NbsSn magnets. The magnet windings will be immersed in a pres-
surised bath of superfluid helium at a maximum temperature of 1.9 K, which allows a
sufficient temperature margin for heat transfer across the electrical insulation during
stored beam operation. The cryogenic system must cope with load variations and the
large dynamic range induced by operation of the collider and be able to fill and cool
down the cold mass of the machine (60 x 10 kg) in less than 20 days, while avoiding
thermal gradients higher than 50K in the cryomagnet structure. It must also cope
with resistive transitions of the superconducting magnets and recover sufficiently
fast from such situations that the operational availability of the HE-LHC is not seri-
ously affected. An effort is made to reuse as much of the existing LHC and HL-LHC
infrastructure as possible. Like at present, the cooling power will be produced by 8
refrigeration plants at 5 technical sites and will be distributed to the adjacent sec-
tors over distances of up to 3.3km. To reduce the size of the cryogenic distribution
system and to integrate it within the existing LHC tunnel, active cryogenics must be
installed at both sides of the HE-LHC sectors.

Each of the 5 sites comprises an electrical substation, a warm compressor sta-
tion, cryogen storage (helium and liquid nitrogen), cooling towers and cold-boxes.
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Fig. 4. Cross section of the LHC tunnel and main HE-LHC cryogenic components.

The lower cold-boxes, interconnecting lines and interconnection boxes are located
underground. A refrigeration plant comprises one helium refrigerator including two
1.8 K refrigeration units and one turbo-Brayton refrigerator for the efficient produc-
tion of cooling capacity above 40 K. The two 1.8 K refrigeration units are located at
either side of the HE-LHC sectors and pump on a half-sector length, thus reducing
the pumping line diameter required. At each site, an interconnection box couples the
refrigeration equipment to the cryogenic distribution line and where possible, they
also provide redundancy between the refrigeration plants. To limit the environmental
impact as well as the pressure build-up during helium discharge in case of a sector
quench helium storage is provided at all 8 surface sites. The HL-LHC cryogenic plants
will be reused to cool the high-luminosity insertions.

Civil engineering

The existing civil engineering structures will be reused as much as possible to accom-
modate the equipment required for HE-LHC. Some new structures will be needed to
accommodate new components for cryogenics, electricity and ventilation systems.

New caverns are required for cryogenic equipment at points 3 and 7, and new
alcoves for electrical equipment to supply the cryogenic installations. Depending on
the power consumption and the reliability required from the existing electrical net-
work, additional upgrades might be needed at other locations. Additional space in
the underground caverns has been allocated for cooling equipment.

A new shaft is mandatory at LHC point 3.3, since the existing shaft PZ33 is only
used for personnel access and its diameter would not allow lowering of the 7m long
cryogenics cylinders. A more detailed analysis remains to be performed for point 2
to confirm that existing caverns can be used to accommodate the new equipment. If
the space is not sufficient, a new cavern has to be constructed. Either the existing
PM25 and PMI2 shafts can be used to transport the new equipment into the tunnel
at point 2, or a new shaft needs to be created. Where new access shafts are needed,
head of shaft buildings will be added.

New noise insulated buildings to accommodate cryogenic and electrical equip-
ment are necessary at points 3 and 7. New turbo-Brayton refrigerators need to be
installed in existing or new buildings at points 1.8, 2, 4, 6 and 8. A refurbishment
of the existing tunnel ventilation and additional ventilation systems are necessary to
provide supply and extraction units for each sector. Hence, new surface buildings are
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required for ventilation equipment at each point. The existing SDI2/SMI2 building
has to be replaced to accommodate a higher-capacity crane for lowering the new
accelerator magnets. New access roads will be required at locations where new shafts
and buildings are planned.

The vault height of the junction chamber UJ22 will have to be increased by
~1m, to allow the HE-LHC magnets to be lifted from the TI 2 transfer line into the
LHC tunnel once the HE-LHC machine is installed. Parts of TT 2 may need to be
locally enlarged by ~30cm to allow certain magnet groups of TI 2 to pass through.
An enlargement at the beam stopper just before UJ22 is mandatory. Depending on
the required safety concept, compartment doors will be installed along the HE-LHC
tunnel every 550 m, requiring local breakouts in the lining.

Detector considerations

For the HE-LHC energy of 27 TeV, the kinematics and topology of SM processes do
not change significantly with respect to the HL-LHC energy of 14 TeV. The HE-LHC
uses a value of [* = 23 m, equal to the LHC and assumes only minimal changes to
the civil engineering infrastructure of the LHC caverns. In terms of acceptance and
overall size, the detectors at the HE-LHC therefore need to be compared to the HL-
LHC detectors rather than to detectors at the FCC-hh, which assume significantly
increased instrumentation in the very forward region. The HE-LHC luminosity of
16 x 1034 cm=2 57! is however, significantly higher than the HL-LHC luminosity. The
resulting pile-up of 500 is about 3.4 times larger than at HL-LHC and about half the
number at the FCC-hh. It can therefore be assumed that detectors at the HE-LHC
are ATLAS/CMS class detectors with challenges related to radiation, pile-up, trigger
and readout rate that are closer to the FCC-hh detector concepts.

Cost and schedule

The construction cost for HE-LHC amounts to 7200 million CHF for the entire
project. All particle collider and injector related investments amount to 6100 million
CHF or 85% of the total cost. The major part of the accelerator cost corresponds to
the 1250 Nb3Sn 16 T main dipole magnets, totalling 2900 MCHF, at a cost target of
2.3 MCHF /magnet. The collider cost also includes 260 MCHF for LHC disposal. The
cost for construction of a new superconducting SPS injector and associated transfer
lines amounts to about 1100 million CHF according to current estimates. However,
a detailed, dedicated study would be needed to confirm this cost. Civil engineering
works account for 4% (300 million CHF'). The capital cost for the technical infras-
tructure is 800 million CHF. The operation costs are expected to remain at current
levels. The electricity consumption remains constant and the evolution from LEP to
LHC today shows a steady decrease in the effort needed to operate, maintain and
repair the equipment. The cost-benefit analysis of the LHC/HL-LHC programme
reveals that a research infrastructure project of such a scale and hi-tech level has the
potential to pay for itself in terms of socio-economic value throughout its lifetime.
The overall HE-LHC project schedule is dominated by accelerator and technology
R&D, in particular by the time needed to develop and industrialise 16 T NbsSn
superconducting magnets. Another key input is the anticipated stop of HL-LHC.
The HE-LHC programme will commence with a preparatory phase of 8 years, followed
by the construction phase from the stop of the HL-LHC operation (dismantling of
existing SPS and LHC, civil engineering works and technical infrastructure, machines
and detectors including commissioning) lasting 8 years. Then a period of 20 years is
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needed to execute the currently envisaged physics programme. This makes a total of
almost 30 years for construction and operation.

Outlook

The technology for constructing a High-Energy LHC can be brought to the tech-
nology readiness level required for construction within the next ten years through
a committed and focused R&D programme. The concept comprises a power-saving,
low-temperature superconducting magnet system based on an evolution of the Nb3Sn
technology pioneered at the HL-LHC, an energy-efficient cryogenic refrigeration
infrastructure based on a neon-helium (nelium) light gas mixture, a high-reliability
and low loss cryogen distribution infrastructure based on Invar, high-power dis-
tributed beam transfer using superconducting elements and local magnet energy
recovery and reuse technologies that are already being gradually introduced at other
CERN accelerators. Reuse of the LHC underground civil infrastructure worth about
500 million CHF at the time of its construction, extension of the surface sites and
use of the existing injector chain that also serves a concurrent physics programme
are all levers to come to a sustainable research infrastructure at the energy frontier.

Strategic R&D for HE-LHC aims at minimising construction cost and energy
consumption, while maximising the socio-economic impact. The programme needs to
mitigate technology-related risks and ensure that industry can benefit from an accept-
able economic utility. For implementation, a preparatory phase of about eight years
is both necessary and adequate to establish the project governing bodies and organ-
isational structures, to build the international machine and experiment consortia, to
develop a territorial implantation plan accounting for the constraints emerging from
the use of the existing infrastructure and the host states’ requirements, optimising
the use of land, resources and preparing the construction project.

Such a large-scale, international fundamental research infrastructure, tightly
involving industrial partners and providing training at all education levels, will be a
strong motor of economic and societal development in all participating nations. The
FCC study has implemented a set of actions towards a coherent vision for the world-
wide high-energy and particle physics community, providing a collaborative frame-
work for topically complementary and geographically well-balanced contributions.
This conceptual design report lays the foundation for a subsequent infrastructure
preparatory and technical design phase.

1 Physics opportunities and reach
1.1 Introduction

At the heart of the HE-LHC project is a pp collider, designed to operate at a centre
of mass energy /s = 27TeV, and to collect of the order of 15ab~! of data dur-
ing 20 years of operation. The collider will use the current LHC tunnel and rely on
the 16 T magnet technology being developed for FCC-hh. The overall scientific con-
text and goals of the HE-LHC are by and large the same as those of the FCC-hh
and are therefore reviewed in Volume 1 of this CDR. While 27 TeV is well below
the 100 TeV target of the FCC-hh, the increase of energy and luminosity w.r.t. the
HL-LHC nevertheless represents a significant improvement over the HL-LHC reach.
The discussion of the HE-LHC physics potential, therefore, should not be done
through a direct comparison with the obviously more powerful and ambitious FCC
project, but in consideration of the expected costs and benefits that it will bring after
the HL-LHC has finished operation.
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For this discussion, it helps to group the specific potential returns of the HE-LHC
in four areas:

1. Extending the HL-LHC reach in direct searches for new particles, approximately
doubling the reach in mass.

2. Establishing the structure of the symmetry-breaking Higgs potential, which lies
at the heart of the Standard Model’s (SM) electroweak (EW) sector.

3. Improving the precision of the HL-LHC measurements in the EW and flavour
sectors, with a consequently better indirect sensitivity to new physics at high
mass scales, and better direct sensitivity to elusive final states such as dark matter
(DM).

4. Exploring in greater detail the properties of possible future LHC discoveries, con-
firming preliminary signs of discovery from the LHC, or identifying the underlying
origin of new phenomena revealed indirectly (e.g. the flavour anomalies currently
under discussion) or in experiments other than those of the LHC (e.g. DM or
neutrino experiments).

The first three classes of results offer guaranteed deliverables, with targets that can
be defined today. On the other hand, only future data will allow qualifying and quan-
tifying the relevance of the fourth area in the planning for the HE-LHC. Currently,
only a few scenarios can be considered as examples.

The assessment of the full HE-LHC physics potential started in the context of
the Workshop on “The physics of HL-LHC, and perspectives at HE-LHC” [12]. The
results of this activity will be documented in its final report, due by the end of 2018,
and the reader should refer to that document for a more complete overview, the main
results documented so far are summarised here.

1.2 The boundary conditions for the HE-LHC physics studies

The studies done by the FCC-hh detector working group, which led to the baseline
detector design documented in Volume 3, are relevant to the definition of an HE-LHC
detector. In particular, most radiation issues will be comparable to FCC-hh, since the
pp cross sections and track densities at 27 and 100 TeV only differ by ~20% and the
pile-up conditions are assumed to be similar. In spite of this, it is premature to pro-
pose a detector design specifically for HE-LHC. For FCC-hh, one can assume that the
design and construction of the detectors will start from scratch, with complete free-
dom to explore optimum solutions in terms of technology, machine-detector interface
and the corresponding civil engineering. In the case of HE-LHC, one cannot avoid the
tight constraints set by the existing cavern size, the infrastructure and the presence
of the current detectors. The study of possible upgrade, refurbishing or replacement
options for the ATLAS and CMS detectors, following the HL-LHC, is an extremely
complex challenge, which would require the direct engagement of the experiments,
and cannot be addressed at this time. As a result, ongoing HE-LHC physics stud-
ies make reference, at best, to an extrapolation of the ATLAS and CMS HL-LHC
detector configurations, modelled via Delphes [13] simulation parameters reproduc-
ing the HL-LHC performance projections at 27 TeV and neglecting the impact of
the much higher pile-up expected at HE-LHC. In many cases, the physics studies
are simply of a phenomenological nature, with basic cuts and resolution/efficiency
assumptions. The integrated luminosity benchmark will be set at 15ab™!, consistent
with the accelerator projections and with the possibility to combine the results of
two experiments.
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Fig. 1.1. Estimate of the system mass (e.g. mz or 2mgz) that can be probed in searches
for new particles at HE-LHC, given an established reach at HL-LHC.

1.3 The discovery reach potential of HE-LHC

The HE-LHC is expected to extend the mass reach for the discovery of new particles
by a factor of ~2 with respect to HL-LHC. While the study of individual scenarios
must account in detail for the possibly different evolution of signals and backgrounds
with beam energy and include the new analysis opportunities offered by the larger
statistics and kinematic reach available at 27 TeV, it is possible to provide general
estimates of the improved sensitivity by extrapolating the partonic luminosities that
are relevant for the production of various final states. This is shown in Figure 1.1,
obtained with the Collider Reach tool [14]. The thick green line includes the lines
corresponding to the various possible initial states (qq, gg etc.), showing that the
improvement in mass reach is rather independent of the specific type of particle(s)
produced and only depends on the estimated reach at the HL-LHC. For example,
new gauge bosons such as a Z’, whose reach at the HL-LHC is estimated to be in the
range of 6 TeV, could be observed by the HE-LHC up to a mass of ~12TeV. This
qualitative conclusion is verified in the more detailed studies done so far.

In several BSM scenarios, like for generic models of new Z’' gauge bosons, the
extension of the reach by a factor of 2 relative to the LHC is just a small extra
dent in a large range of possible masses. But there are interesting scenarios where
the doubling of the reach can cover an important fraction of the relevant parameter
space. A few concrete examples are given here and many more will be found in [12].

1.3.1 Supersymmetry
The first studies of the discovery reach for supersymmetry at HE-LHC have recently

appeared [15,16]. One of the key questions is to what extent classes of “natural” super-
symmetric models are within its reach and can definitely be discovered or excluded.
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Fig. 1.2. Discovery reach at the HE-LHC for gluinos and stops in various supersymmetric
models, compared to the HL-LHC reach and to the expectations of several classes of natural
supersymmetric models. The relevant areas lie under the horizontal lines (for the gluino)
and to the left of the vertical lines (for the stop).

An example of the added value of a higher-energy option for the LHC [15] is given
in Figure 1.2. The points in the plots correspond to parameter configurations of sev-
eral supersymmetric models inspired by the requirement of a natural solution to the
hierarchy problem, including constraints such as the proper Higgs mass. The models
considered are described in [15], and include generalised mirage mediation (nGMM)
and non-universal Higgs mass (NUHM) models. What clearly emerges from these
plots is that, while HL-LHC can only cover part of the parameter space of the illus-
trated models, HE-LHC covers it entirely. With the exception of the models labeled
by red (green) dots, where the gluino (stop) mass is typically larger than the HE-
LHC reach, all other models would allow the 50 discovery via the observation of both
gluino and stop.

1.3.2 WIMP searches

A study was presented [17] of the search for weakly-interacting massive particles
(WIMPs) as dark matter (DM) candidates. The study follows the pattern of sim-
ilar ones discussed in Volume 1 at 100 TeV, and also includes a comparison with
the 100 TeV (and HL-LHC) results. From their conclusions, a disappearing charged
track analysis at the HE-LHC can probe Higgsino-like (wino-like) DM mass of up
to 600 GeV (2.1 TeV) at the 95% confidence limit (C.L.). These results, shown in
Figure 1.3, improve on the expected reach of HL-LHC, namely 300 GeV (900 GeV).
While these results at the HE-LHC come short of saturating the full range of masses
for possible DM WIMPs (a goal that requires the power of the full FCC-hh, as shown
by Fig. 1.3 and as discussed in Vol. 1), the mass range accessible to HE-LHC greatly
extends the HL-LHC potential and can be complementary to the indirect detection
probes using gamma rays from dwarf-spheroidal galaxies [17].
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Fig. 1.3. The reach of HE-LHC in the search for a wino (left) or higgsino (right) DM
WIMP candidate, using a disappearing charged track signature [17]. The bands limited by
the solid and dashed lines show the range obtained by modifying the central value of the

background estimate by a factor of five. The results are compared to the reach of HL-LHC
and FCC-hh.
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Fig. 1.4. Limit versus mass for the di-lepton channel (left) and luminosity for a 50 discovery
(right) for the ee and pu combined channels.

1.3.3 Resonance searches

The search for resonances produced in the s channel explores the highest energies
kinematically reachable at a collider and provides a good benchmark for the detector
performance, since the invariant mass resolution in the resonance reconstruction is a
key factor to enhance the search sensitivity. Several models and decay channels have
been considered in detailed simulations [18], based on the Delphes detector parame-
terisation. For leptonic decays, the 95%CL sensitivity of various Z' models (see [19]
for details) is shown in Figure 1.4 (left panel). The 50 discovery reach, as a func-
tion of the integrated luminosity, is shown in the right panel of Figure 1.4, for the
so-called sequential SM Z', Zgg,;, whose couplings to SM fermions are identical to
those of the Z boson in the SM. Some further results, for decays to 7 leptons, to WW
and to di-jets, are given in Table 1.1. Here Q* refers to excited-quark resonances [20],
Grs is a Randall-Sudrum massive graviton [21], Zj, provides a potential expla-
nation to the current flavour anomalies [22], Z/. arises in top-assisted technicolor
models [23].
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Table 1.1. Limits and discovery reach at 50 for various decay modes of resonance models

mentioned in the text, at HE-LHC and FCC-hh.

The European Physical Journal Special Topics

HE-LHC (FCC-hh)
Process 95%CL limit (TeV) | 5o reach (Tev) | 5o reach (TeV)
15 (30)ab™* 1(2.5)ab™" 15 (30)ab~!
Zism—ete /utu~ 13 (40) 10 (33) 13 (43)
Zism— 177 6 (14) 3 (12) 6 (18)
Zha— pt ™ 4 (25) - (10) 2 (19)
Zpo—s tt 10 (28) 6 (16) 8 (23)
Grs = WW 8 (28) 5 (15) 7 (22)
Q" —jj 14 (43) 10 (36) 12 (40)

Table 1.2. Higgs production event rates for selected processes at 27 TeV (Na7) and sta-
tistical increase with respect to the statistics of the HL-LHC (Na7 = 027 Tev X 15 abfl,
Nis = 014 Tev X 3 ab_l).

g —H WH ZH ttH HH
Na 22x%x10° | 5.4x 107 | 3.7x 107 | 4x 107 | 2.1 x 10°
Na7/Nia 13 12 13 23 19

All the results above can be shown to be consistent with the doubling of sensitivity
relative to HL-LHC, suggesting that HL-LHC-like detectors are in principle properly
scaled to preserve a suitable resolution for energies and muon momenta event at the
higher energies of HE-LHC.

1.4 Measurements of Higgs properties

The main targets of the Higgs measurement programme at the HE-LHC include:

— improving the sensitivity to the Higgs self-coupling relative to the HL-LHC;

— further improving the precision on all major Higgs couplings to the percent level;

— continue increasing the sensitivity to possible invisible Higgs decays, and to other
rare, forbidden, or elusive decays (e.g. H—ct).

The statistics expected for some reference production processes, and the increase
with respect to the HL-LHC, are shown in Table 1.2. The Higgs samples will typically
increase by a factor between 10 and 25, as a result of the 5 times larger luminosity,
leading to a potential reduction in the statistical uncertainties by factors of 3-5.
Fortunately, the biggest improvements arise for the channels where the HL-LHC will
be statistics limited, such as ttH and HH.

In the study of precision Higgs measurements at FCC-hh, documented in
Volumes 1 and 3 of the CDR, Higgs bosons produced at large pr, above 100 GeV,
were considered. It was verified that the reduction in rate is largely compensated
by better systematics, and often by an improved S/B ratio. The selection of fiducial
regions in pr and rapidity, furthermore, allows measurements of the ratios of rates
for different final states, free from uncertainties related to the production dynamics
and to luminosity. The use of large pr final states, is also expected to mitigate the
impact of pile-up.

A similar analysis has been performed for the HE-LHC, studying the rare decays
H—~~, pu, Zy and 4¢ in the range pr > 50 GeV. Some results, relative to the preci-
sion in the measurement of ratios of different decay modes, are shown in Figure 1.5.
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Fig. 1.5. Projected precision for the measurement of ratios of rates of different Higgs final
states, in the gg—H production channel. The label “lumi” indicates the inclusion of a 1%
overall uncertainty. The systematic uncertainty “syst” is defined in the text. The systematics
of conservative scenario (cons) is twice as large as the reference one (optim).

The detector simulation is based on Delphes, with parameters drawn from the pro-
jected performance of the HL-LHC detectors. The uncertainties include the systemat-
ics on the detection efficiency for the various final state objects, and a 1% luminosity
uncertainty. It is assumed that, as for the FCC-hh, processes like pp—Z— ¢/ will be
calculable with 1% precision and can be used for a precise liminosity determination.
More details on the analysis are given in Volume 1 and in [24].

In contrast to FCC-hh, the uncertainty in the high-py range is statistics domi-
nated for the rate-limited final states H—pp and H— #€+. The study of these channels
will therefore require an optimisation of the selection cuts, to include lower pr Hig-
gses. In the low-pr domain, the Higgs precision studies at 27 TeV will resemble those
carried out at HL-LHC. A fair comparison between HL-LHC and HE-LHC would
therefore require much more detailed studies, accounting for the larger pile-up, and
based on a concrete detector design. Taking the results of Figure 1.5 at face value, a
precision in the range of 2-4% is projected for the ratios BR(H—pu)/BR(H—~v) and
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Fig. 1.6. Left: projected precision for the measurement of the Higgs trilinear coupling, from
gg— HH. Right: summary of constraints on the EFT operators considered. The shaded
bounds arise from a global fit of all operators, those assuming the existence of a single
operator are labeled as “exclusive”.

BR(H— 4¢)/BR(H—"7), and therefore of order 1-2% for the ratios of the relevant
Higgs couplings.

The projection for the Higgs self-coupling measurement at HE-LHC, performed
in the context of the HL/HE-LHC Physics Workshop, are shown in Figure 1.6 (left).
A precision in the range of 10-20%, at 68%CL, is expected. This result, which would
significantly improve over the HL-LHC reach, is consistent with other phenomeno-
logical studies reported previously (see Refs. [25,26]).

Precision measurements provide an important tool to search for BSM physics asso-
ciated to mass scales beyond the LHC direct reach. The EFT framework, where the

SM Lagrangian is supplemented with higher dimension operators ), c§6) OEG) JA? +

ng)ogg) JA* + -+ allows one to systematically parametrise BSM effects and how
they modify SM processes. These operators can either modify SM amplitudes, or
generate new amplitudes. In the former case, the best LHC probes are, for example,
precision measurements of Higgs branching ratios. In the case of the operator O,
for example, the constraints in Figure 1.6 translate into a sensitivity to the Higgs
compositeness scale f > 2TeV, corresponding to a new physics mass scale of 25 TeV
for an underlying strongly coupled theory.

Effects associated with new amplitudes grow quadratically (for dimension-6 oper-
ators) with the energy. The higher centre-of-mass energy and larger dataset of HE-
LHC make it possible to greatly extend the measurable range in the Higgs transverse
momenta, providing a new opportunity: a 10% measurement at 1TeV energy cor-
responds roughly to a permille precision measurement at the Higgs mass. In the
context of EW physics this will allow to test, via Drell-Yan processes and the opera-
tors Oa,28, energy scales of order 25 TeV; or, via WZ diboson processes, mass scales
of roughly 6 (100) TeV if the underlying new physics is weakly (strongly) coupled.
Figure 1.6 (right) shows the results of a global fit to observables in Higgs physics, as
well as diboson and Drell-Yan processes at high energy.

Another important high-energy measurement concerns the scattering of longitudi-
nally polarised vector bosons: departures from its SM value could betray a composite
nature of the Higgs. The decomposition of measurements of VBS cross-sections into
the polarised components based on the decays of the individual vector bosons is
experimentally challenging. Preliminary studies show that, thanks to pile-up mitiga-
tion techniques that retain Run-2 performance of hadronically decaying W /Z-boson
tagging, the precision on the VBS cross section measurement in the semileptonic
WYV +jj — fv + jjjj channel can be reduced from 6.5% (HL-LHC) to about 2% at
HE-LHC. From this measurement and from the measurement of the EW production
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Fig. 1.7. Statistics increase at HE-LHC, relative to HL-LHC, for the production of a system
of mass M, in the three production channels gg, qg and qg.

of a Z boson pair, the purely longitudinal final state of the WW and ZZ scattering
processes can be extracted with a significance of 5o or more. Similarly, the reach for
vector-boson-scattering will be extended by roughly a factor of two in the energy
scale of BSM physics, i.e. the sensitivity of the HE-LHC to Wilson coefficients, f/A%,
of dimension eight operators, which describe anomalous quartic gauge couplings,
improves by a factor 10-20.

FCC-hh provides great flexibility in designing analyses that optimise the balance
between statistics and systematics, thanks to the large Higgs production rates, the
lever arm in the production kinematics and the existence of big control samples
to validate the modeling and reduce the systematics on backgrounds. This justifies
optimism in the projections for precision Higgs physics at FCC-hh, as documented
in Volume 1. At HE-LHC, the rate increase and the kinematic range extension are
more limited and the FCC-hh analysis strategies considered so far offer more limited
advantages, as suggested by the results shown here. This leads to considering analyses
much closer to those established for the LHC. Detailed comparative studies, properly
taking into account both the increase of pile-up and the opportunities to improve the
LHC detectors’ performance, will therefore be required for a reliable assessment of
the improvements in the Higgs physics programme that will be possible at HE-LHC.

1.5 Further exploration of LHC discoveries at HE-LHC

In this section the potential of HE-LHC to further the understanding of possible
future discoveries at the LHC is explored. Should future runs of the LHC find evidence
of new phenomena, the HE-LHC would increase the statistics of these signals and
make it possible to analyse their properties in more detail, or to provide conclusive
evidence of unconfirmed deviations from the SM. Many interesting scenarios of new
physics, e.g. supersymmetry, present a spectrum of multiple states distributed over a
broad mass range and the doubling of LHC’s energy would be the minimum necessary
step to complement an LHC discovery.

Starting from general cases, Figure 1.7 shows the expected increase in statistics at
the HE-LHC relative to HL-LHC, for final states of a given mass M produced through
various partonic initial states (gg, qg and qq), as a function of M. This growth in
the rate takes into account an increase by a factor of 5 in integrated luminosity
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Table 1.3. Mass reach at HL-LHC (in TeV) for various Z’' models discussed in [19,27].

Model | 95%CM 30 50
SSM 6.6 6.1 5.6
LRM 6.4 59 54
" 61 56 5.1
X 6.2 5.7 5.3
n 62 56 5.2
1 6.0 5.5 5.1

(15 versus 3ab~!), in addition to the partonic luminosity increase. It is clear that
the higher energy of HE-LHC is particularly beneficial in the case of the heaviest
objects, where the gain can reach several orders of magnitude, whereas, for the study
of low mass systems, the luminosity is the key factor. In this latter case, a careful
study of the overall experimental conditions (backgrounds and pile-up) is necessary
for a more reliable estimate of the actual gain obtained with the HE-LHC.

1.5.1 Characterisation of a Z' gauge boson

As a specific example, the case of a new Z’ gauge boson, observed at the HL-LHC
in the di-lepton channel with a 3 or 5o significance is considered. While these obser-
vations are sufficient to support evidence or claim a discovery, typically, they would
be insufficient for a complete identification of the properties of the new particle (e.g.
defining the nature of the underlying gauge theory in terms of its couplings to quarks
and leptons).

Table 1.3 shows the exclusion, evidence and discovery reach, at HL-LHC, for vari-
ous Z' models considered in the literature [19,27] (SSM, for example, is the sequential
SM, where all Z’ couplings to fermions match those of the SM Z boson). The exclu-
sion or observation reach are obtained by searching for a peak in the di-lepton mass
distribution. In all these cases, the statistics are insufficient to differentiate the var-
ious models. The model discrimination requires a higher-statistics study of angular
and rapidity distributions. This can be done at HE-LHC, using for example Agg, 7y
and oxBR. Here r, = N(Z', |y| < 0.5)/N(Z',0.5 < |y| < 2.5), while Apg is defined
as the asymmetry between the number of events in which the lepton moves forward
or backward (in the Z' rest frame) relative to the Z’ longitudinal direction. The left
plot in Figure 1.8 shows the correlation between Apg and r, for the Z’ of different
models, with a common mass of 6 TeV. The interference between the signal and the
SM DY amplitude is included, and events within a mass window of 200 GeV around
the resonance peak are used. Our studies indicate that for such high mass and narrow
window around the Z’ even a large uncertainty on the background normalisation has
no impact. Therefore the left plot in Figure 1.8 assumes no uncertainties. A further
handle to discriminate among different models is the study of hadronic decays to
light, b and t quarks. The expected precision of the measurements is shown in the
right plot of Figure 1.8. For the hadronic decays, a 50% uncertainty on the vari-
ous background normalisations are considered as nuisance parameters in the profile
likelihood. These systematics are not the dominant effect reported, but are likely to
increase slightly for dedicated analyses, for example including real detector effects,
or modelling of the underlying physical processes. With the exception of the n and
1) models, whose predictions for all variables considered are rather degenerate, all
other models can be separated through a combination of different observations. For
example, the SSM and 1 models, which have very close predictions for r, and Apg,
have measurably different fractions of b or t final states.
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1.5.2 Flavour anomalies

A set of current anomalies present in flavour physics [28], if confirmed, would revolu-
tionise particle physics and open the search for their microscopic origin. While waiting
for the final word on their existence, work has started on their possible interpretations,
identifying the relevant classes of new physics models, and of model-parameter ranges.
This work has been accompanied by the first studies of the potential of the LHC and
of future accelerators to conclusively test these models, via the direct discovery of
their new particles. An example is the work in [22], where possible scenarios, relevant
to the so-called Ry (-) anomaly, are considered. The anomaly shows a deviation from
the SM prediction for the ratio of branching ratios Ry =BR(B® — K& tpu=)/

BR(B® — K(®ete™) and, as possible explanations, points to a Z’' gauge boson,
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coupling to bs and to uTp~, or to a leptoquark, coupling to bu and to sy (see
e.g. [29]). The corresponding couplings and masses are primarily constrained by the

measured value of Ry, and by B? — ES oscillations. For the case of the Z' models,
Figure 1.9 shows the coupling/mass domains that the HE-LHC would be sensitive
to, at 95%CL. The left plot is for a minimal case, in which the only Z’ coupling
to quarks involves the bs pair. The reach is limited by the low production rate for
bs(sb) — Z'. The right plot corresponds to models where the Z’ couples to quarks
via the current >° ., ViqVg/@7.47, (a,q4"=d,s,b). In this case, the production channel

ds(sd) — Z’amplifies the signal, giving full coverage of the allowed parameter space.
Should the anomaly be confirmed, other flavour observables could add additional
constraints to pin down the allowed classes of models more precisely and make more
definite projections for the potential of the HE-LHC (the projections for FCC-hh are
discussed in Chap. 14 of Vol. 1).

2 Collider design and performance
2.1 Requirements and design considerations

The HE-LHC should provide pp collisions at about twice the collision energy of
the LHC, using the existing LHC tunnel infrastructure, without any increase of the
tunnel cross section. Reaching a target beam energy of 13.5 TeV relies on the FCC-hh
magnet technology. The existing LHC dipole magnets with a nominal field of 8.33 T
will be replaced by FCC-type 16 T dipole magnets. Achieving a centre-of-mass energy
close to 27 TeV with 16 T magnets requires a dipole filling factor similar to that of
the LHC. Following a preliminary design optimisation of compact high-field dipole
magnets, the inter-beam distance for the HE-LHC is set to be 250 mm, significantly
larger than the 194 mm of the LHC. The lengths of the magnet interconnects are
chosen in the same way as the inter-beam distance — equal to those of FCC-hh.
However, the HE-LHC dipole magnets are curved, those of FCC-hh straight.

An integrated luminosity exceeding 10 ab™? is within reach over about 20 years of
operation of the HE-LHC. After the LHC Injector Upgrade (LIU) [10], scheduled to
be completed in 2020, an extremely bright proton beam will be available for injection
into the HE-LHC. The luminosity evolution during HE-LHC physics is determined
by the combined effects of proton burn-off and significant radiation damping.

In the HE-LHC, both the synchrotron radiation power and, in particular, the
photon flux, are much higher than in the LHC. The FCC-hh beamscreen design
offers an adequate solution for the challenging cryogenic beam-vacuum system. In
addition, the HL-LHC R&D effort [30] provides several novel elements essential for
the HE-LHC, such as crab cavities and low-impedance collimators, as well as possible
add-ons such as electron lenses, long-range beam—beam compensation and new optics
solutions.

Combining advanced technological systems and beam-dynamics solutions devel-
oped for the LHC, HL-LHC, FCC-hh and the LIU, facilitates the formulation of a
robust accelerator design for the HE-LHC with an excellent performance forecast.

Section 2.2 presents key parameters of the HE-LHC and 2.3 examines the primary
challenges. Optics design, collimation, longitudinal parameters, and beam dynamics
issues are presented in Section 2.4. In Section 2.5 the proton—proton physics operation
and luminosity performance are reviewed.

In addition to delivering pp physics at the energy frontier, the HE-LHC could
operate as the world’s highest-energy heavy-ion and ion-proton collider. The corre-
sponding performance parameters are discussed in Section 2.6. By adding a 60 GeV
electron beam from a multi-pass energy-recovery linac, as proposed for the LHeC,
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the HE-LHC could also provide high-energy lepton-proton and lepton-ion collisions.
This “HE-LHeC” option is reviewed in Section 2.7.

2.2 Parameter choices

The HE-LHC design assumes essentially the same beam parameters as HL-LHC.
Beams meeting the HL-LHC requirements will be available from the upgraded LHC
injector complex. Adopting the beam parameters of HL-LHC, the HE-LHC bunch
population is taken to be 2.2 x 10'! and the normalised transverse rms emittance at
the start of a store to be 2.5 um. The bunch spacing of 25 ns is chosen to be the same
as in the LHC and HL-LHC.

The baseline design parameters are summarised in Table 2.1, which also presents
a comparison with the corresponding values for LHC, HL-LHC and FCC-hh [9]. It
is assumed that HE-LHC will accommodate two high-luminosity interaction-points
(IPs) 1 and 5, at the locations of the present ATLAS and CMS experiments. IPs 2
and 8 could host secondary experiments, e.g. with a lepton-hadron collision point,
combined with injection, as for the present LHC, or the available space could be
exploited to serve other needs, e.g. for an extended high energy injection section or
for collimation.

At present, optics solutions with a short-term (10° turns) dynamic aperture
exceeding 100 only exist for an injection energy above 1 TeV. An injection energy of
1.3 TeV, as could be provided by a superconducting SPS (scSPS), is the current base-
line. The creation of artificial pinning centres (APCs) in the Nb3Sn superconductor
might potentially enable an injection energy of 900 GeV or below. The possibility of
450 GeV injection requires further studies.

2.3 Design challenges and approaches

Key design challenges include:

1. The handling of high levels of synchrotron radiation inside the cold arcs;

2. The choice of injection energy in view of significantly decreased physical aperture,
greatly enhanced field errors for Nb3Sn magnets at low energy and a possibly
larger energy swing;

The event pile-up in the experiment detectors;

Achieving the required high dipole packing density in the arcs; and

Developing optics for the experiment insertions, beam extraction and for collima-
tion, all of which must fit into the existing straight sections, without the possibility
of applying any of the length scaling used for the FCC-hh.

S

The optics design challenges for the arc and IRs, beam extraction and collimation
will be addressed in Section 2.4.

2.3.1 Synchrotron radiation

The synchrotron radiation power and photon flux are both much higher than those
of the LHC and, remarkably, the flux is even higher than for FCC-hh (see Tab. 2.2).

The FCC-hh beamscreen [31], illustrated in Figure 2.1, offers an optimum solu-
tion for the HE-LHC cryogenic beam vacuum system. Compared with an LHC-type
beamscreen, this beamscreen developed for the FCC-hh features greatly enlarged
cooling capillaries for increased helium mass flow, a large surface area of shielded
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Table 2.1. Key parameters of HE-LHC compared with FCC-hh, HL-LHC and LHC, for

operation with proton beams.

The European Physical Journal Special Topics

Parameter Unit FCC-hh HE-LHC (HL-)LHC
Centre-of-mass energy TeV 100 27 14
Injection energy TeV 3.3 1.3 (0.9, 0.45) 0.45
Peak arc dipole field T 16 16 8.33
Circumference km 97.8 26.7 26.7
Straight-section length m 1400 528 528
Beam current A 0.5 1.12 (1.12) 0.58
Bunch population 101t 1.0 2.2 (2.2) 1.15
Number of bunches/beam - 10400 2808 (2760) 2808
RF voltage MV 32 16 (16) 16
RMS bunch length mm ~ 80 90 (90) 75.5
Bucket half height 10~3 0.16 0.21 0.36
RMS momentum spread 10~ 1 0.5 0.85 1.129
Longitudinal emittance (4wo.0g) eVs ~8 4.2 2.5
Bunch spacing ns 25 25 25
Norm. transv. rms emittance pm 2.2 2.5 (2.5) 3.75
IP beta function 87 , m 1.1 0.3 0.45 (0.15) 0.55
Initial rms IP beam size o , pm 6.7 3.5 9.0 (7.1 min)
16.7
Half crossing angle prad 37 100 165 (250) 142.5
Piwinski angle w/o crab cavities - 0.42 2.16 1.7 (2.7) 0.65
Peak luminosity per IP 1034 ecm=2s7 1 5 30 16 (5, levelled)
1
Total cross section mbarn 153 126 111
Inelastic cross section mbarn 108 91 85
Peak no. of events/crossing - 170 1000 460 (135) 27
RMS luminous region mm 53 49 57 (68) 45
Stored energy/beam GJ 8.4 1.4 (0.7) 0.36
Energy loss per proton per turn keV 4600 93 6.7
SR power/beam kW 2400 100 (7.3) 3.6
SR power/length W /m/aperture 29 4.6 (0.33) 0.17
Transv. emittance damping time h 1.1 3.6 25.8
No. of high-luminosity IPs 2 2 2 (2) 2
Initial proton burn-off time h 17 3.4 4.3 (15) 40
Allocated physics time/year days 160 160 160 160 (160)
Average turnaround time h 5 4 5 4 (5)
Optimum run time h 11.6 3.7 5.3 (18-13)
~10
Accelerator availability - 70% 70% 75% (80%) 71%
Nominal luminosity per day b1 2.0 8.0 4.5 (1.9) 0.4
Luminosity per year (160 days) fb~1 >250 | >1000 500 (350) 55

Notes. All values, except for the injection energy itself, refer to the collision energy.

Table 2.2. Synchrotron radiation (SR) characteristics in the arcs of LHC, HE-LHC and

FCC-hh.
Parameter LHC | HE-LHC | FCC-hh
Linear SR power (W/m) 0.25 5.5 35
Linear photon flux (10™ photons/m/s) 5 27 15
Critical photon energy (eV) 44 320 4300
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Fig. 2.1. Beamscreen proposed for FCC-hh and HE-LHC [32] (left); and the approximation
used for aperture calculation [33] (orange line, right).
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Fig. 2.2. Vacuum chamber cross sections for FCC-hh, LHC and scaled LHC beamscreens,
where the thicker line represents the sawtooth on the wall and the transparent region is an
opening slot (left); and the fraction of photons absorbed with a 95% confidence interval at
the top and bottom of the two vacuum chambers proposed for HE-LHC [34] (right).

pumping slots for reduced impedance and high pumping speed and a kind of “folded
antechamber” to minimise the number of photo-electrons generated in the beam pipe
itself.

The FCC-hh and HE-LHC beamscreens operate at an elevated temperature of
50K instead of the LHC’s 5-20K because the higher temperature improves the
Carnot efficiency. The large pumping speed is appropriate for the high out-gassing
rates caused by the extremely high photon flux from synchrotron radiation. In addi-
tion, the FCC-hh type beamscreen reduces the fraction of photons reflected towards
the top and bottom of the vacuum chamber by a factor 2-3 compared to an LHC-type
beamscreen [34], as is illustrated in Figure 2.2. This helps suppress the initiation of
electron-cloud build up due to photo-electrons.

2.3.2 Dynamic and physical aperture at injection

Injection into the HE-LHC could be accomplished from a new fast ramping supercon-
ducting (SC) synchrotron in the SPS tunnel (scSPS). SC magnets with double-layer
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coils would allow an injection energy of 1.3 TeV, which provides an adequate dynamic
and physical aperture at injection and has been chosen as a solid baseline. Alternative
injector scenarios include injection at 900 GeV from a single-layer coil SC synchrotron
in the SPS tunnel, or injection from the existing warm SPS at 450 GeV. The injector
scenarios are detailed in Section 6.

A large number of possible arc optics for the HE-LHC collider were surveyed.
The two best performing optics are being developed further. One of these optics is
LHC-like with 23 cells per arc, and 90° phase advance per cell, and is the design
baseline. The other optics features fewer (18), longer cells, which results in a higher
dipole filling factor and hence energy reach. With reference to the number of optical
cells per arc and to their betatron phase advance per cell, these two optics are called
23 x 90 and 18 x 90, respectively.

At an injection energy of 1.3 TeV, the dipole field would be 1.59 T with the LHC-
like 23 x 90 optics (or 1.53T with the 18 x 90 optics). At an injection energy of
900 GeV the field would be about 1.1 T and at 450 GeV about 0.55T.

Linear optics perturbations would significantly degrade the design performance
if the quadrupole component of the dipole magnets (opposite for the two apertures)
was too large. The by errors of the dipole magnets are kept below 30 units (10~*
at 16.7mm) at all energies and are therefore acceptable, thanks to the increased
inter-beam distance of 250 mm, with respect to the 194 mm in the LHC [35].

The primary nonlinear field error affecting the dynamic aperture is the sextupole
component of the dipole magnets. Another relevant error is the decapole component.
At injection energy, both types of multipole error are dominated by persistent cur-
rents in the superconducting (SC) cable. To obtain an acceptable field quality at
injection energy for the HE-LHC Nb3Sn magnets, the effective filament size of the
SC wire is chosen as 20 um, to be compared with a larger filament diameter of 50 pm
being used for the HL-LHC conductor. The smaller filament size greatly lowers the
field errors at injection related to persistent currents. A further improvement of the
field quality at injection is expected from the addition of artificial pinning centres
(APCs) [11]. For a given fixed value of critical current density at high field, the
addition of APCs decreases the corresponding critical current at low field levels and,
thereby, the strength of the persistent current effects. A realistic target value for the
flux pinning efficiency is 50%. Figure 2.3 shows the sextupole and decapole multipole
errors as a function of the dipole field strength without any artificial pinning centres,
with an ideal pinning efficiency of 100%, and with the baseline 50% flux pinning
efficiency.

It is common to distinguish systematic (b, s, an g), uncertainty (b, v, an,v), and
random multipole errors (b, g, an,r) of order n. Here, the b coefficients refer to
normal field errors and the a components to skew errors. For example, by refers to a
normal quadrupole field, b3 to a normal sextupole, as to a skew quadrupole and b5
to a normal decapole. In the following, the values of the various multipoles are given
in units of 107 relative to the main field (e.g. dipole field), at a reference radius rg
(for HE-LHC, ro = 16.7mm). The field error b,, of a magnet is calculated as [36]

bn = bn,S + %bn,U + ERbn,Ra (21)
where the second term on the right-hand-side represents the difference between pro-
duction lines (£ is a random number chosen per magnet production line, cut at
1.50) and the last term models the random variation from magnet to magnet (a new
random number £, cut at 30, is selected for each individual magnet).

Table 2.3, displays some of the predicted systematic, uncertain and random mul-
tipole errors for a filament size of 20 um and 50% pinning efficiency at an injection
energies of 1.3 TeV, 900 GeV and 450 GeV.
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Fig. 2.3. Sextupolar and decapolar multipole errors bs and bs, in units of 10™* at a reference
radius of 16.7 mm, for the 16 T dipole magnets as function of field strength, for an effective
NbsSn filament size of 20 pm, without (blue), with 100% artificial pinning (red), and with
a realistic 50% pinning efficiency (black). Three different injection energies are indicated.

Table 2.3. Normal and skew multipole errors in the main arc dipoles up to dodecapole
components for injection energies of 1.3 TeV, 900 GeV and 450 GeV, in units of 107* at a
reference radius of 16.7mm with 20 um filament size and 50% pinning efficiency [37].

Multipole [ Systematic [ Uncertainty [ Random [ Multipole [ Syst. [ Unec. [ Random
1.3 TeV

bo 4.79 0.93 0.93 as 0.00 1.10 1.10
b3 —16.20 0.67 0.67 a3 0.00 0.75 0.75
by 0.85 0.47 0.47 ay 0.00 0.47 0.47
bs 3.19 0.28 0.28 as 0.00 0.33 0.33
be 0.54 0.19 0.19 ag 0.00 0.21 0.21
900 GeV

ba 5.61 0.93 0.93 ag 0.00 1.10 1.10
b3 —24.86 0.67 0.67 as 0.00 0.75 0.75
by 0.80 0.47 0.47 ay 0.00 0.47 0.47
bs 5.11 0.28 0.28 as 0.00 0.33 0.33
bg 0.67 0.19 0.19 ag 0.00 0.21 0.21
450 GeV

bo 7.83 0.93 0.93 as 0.00 1.10 1.10
b3 —50.76 0.67 0.67 a3 0.00 0.75 0.75
by 0.64 0.47 0.47 ay 0.00 0.47 0.47
bs 12.26 0.28 0.28 as 0.00 0.33 0.33
be 1.08 0.19 0.19 ag 0.00 0.21 0.21

Comparing the field errors for different energies in Table 2.3 reveals that with
50% pinning efficiency, the absolute value of the b3 field error at 900 GeV is about
two times smaller than the one at 450 GeV (25 versus 51 units). This is consistent
with the hysteresis curves in the left picture of Figure 2.3 and is explained by the fact
that, for 50% pinning efficiency, at 450 GeV the field has just about penetrated all of
the conductor; the maximum b3 is reached at around 0.55 T (or at a beam energy of
450 GeV).

Table 2.4 and Figure 2.4 illustrate the off-momentum dynamic aperture (DA) due
to all multipole errors, simulated by tracking with the SIXTRACK code [38] over 10°
turns, for an initial relative momentum offset equal to 3/4 of the RF bucket height,
and including correctors for the systematic bs, by and b5 in each arc (b correctors at
each dipole, and by /bs correctors on every second dipole). Independent simulations
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Table 2.4. Simulated minimum dynamic aperture due to all nonlinear multipole errors, up
to 20-poles, as obtained by tracking over 10° turns, for 5 angles in z—y space, 60 random
error seeds, fractional betatron tunes of 0.28 (H) and 0.31 (V) and a chromaticity Q,

corrected to +2 units.

Optics | Parameter 450 GeV 900 GeV 1.3 TeV
23 x 90 | RF voltage (MV) 10.4 10.5 10.6
momentum offset Ap/p | 8.27 x 107* | 5.84 x 107" | 4.86 x 10~*
DA w/o APCs 2.70 8.00 12.10
DA w. 50% flux pinning 5.40 12.30 15.90
+ sorting 6.20 13.90 18.10
18 x 90 | RF voltage (MV) 10.7 10.8 10.8
momentum offset Ap/p | 6.53 x 107* | 4.61 x 107* | 3.84 x 104
DA w/o APCs 1.50 4.20 7.60
DA w. 50 flux pinning 2.70 740 11.20
+ sorting 3.80 9.00 14.40

Notes. The systematic, random and uncertainty field errors assumed are those for 20 pm
filament size (the corresponding error values at 1.3 TeV, 900 GeV, and 450 GeV, for APC
with 50% pinning efficiency, are given in Tab. 2.3). The systematic part of the bs errors was
corrected using one sextupole spool piece at each dipole; the systematic bs and bs errors
were compensated with octupole and decapole correctors installed after every second dipole
[40].

with a different program (LEGO) yield similar values for the dynamic aperture [39].
Requiring a dynamic aperture of at least 120, as for the LHC design, means that
at present, the only solution is the 23 x 90 optics with an injection energy of 900
GeV or above. The 18 x 90 optics with an injection energy of 1.3 TeV could also be
marginally acceptable.

Using two bs correctors, i.e. one corrector on each end of each dipole magnet,
symmetrises the correction across each optical half cell and thereby improves the
1000-turn dynamic aperture by at least one o and in many cases by a few o [39]. Sim-
ilarly, b3 correction along the entire magnet or other symmetrical set ups (e.g. one out
of three or four dipoles with two correctors, the others with one corrector) should yield
dynamic apertures comparable to the two-corrector-per-dipole scheme. Whichever
correction scheme is chosen, the alignment tolerances for the b3 correctors will be an
important concern.

The high random sextupole component in the main dipoles was identified as the
limiting factor of the dynamic aperture, particularly in the case of no APCs and lower
injection energies. For this reason, the effect of sorting via b3 was examined. Assuming
that the field errors of all dipole magnets are measured prior to installation and that
no other restrictions exist on the placement of the dipoles, magnets with a similar
level of bs were grouped together in the same arc section, for both beams, using an
adapted K-means clustering algorithm. The resulting improvement of the dynamic
aperture for beam 1 (the magnets were sorted for both beams simultaneously) is
illustrated in Figure 2.5. The dipole-magnet sorting increases the lowest values of
dynamic aperture by about lo. Other sorting strategies, sorting with higher order
components, and the case of a limited pool of available dipoles for installation in a
given slot could be explored in the future.

In summary, with 20 ym filaments and 50% flux pinning the dynamic aperture
at 1.3 TeV is comfortable. Lower injection energies, around 1 TeV, could also be con-
sidered; presently the field quality at 450 GeV would be far from adequate. Adding
magnetic iron shims [41] or high-temperature-superconductor (HTS) persistent cur-
rent shims [42] could further reduce the b3 field errors at all beam energies [35].
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Fig. 2.4. Simulated minimum off-momentum dynamic aperture (10° turns) due to all non-
linear multipole errors, up to 20-poles, assuming 20 um NbzSn filament diameter with 50%
flux pinning, as obtained by tracking over 10° turns, for 5 angles in z—y space, 60 random
error seeds, fractional betatron tunes of 0.28 (H) and 0.31 (V) and a chromaticity Q7. , cor-
rected to +2 units. These results are a graphical representation of Table 2.4. The systematic
part of the b3, bs and bs errors was corrected using one sextupole spool piece next to every
main dipole and one nested octupole/decapole spool piece at every second dipole [40].
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Fig. 2.5. Simulated minimum off-momentum dynamic aperture as in Figure 2.4, demon-
strating the improvement obtained by sorting the dipole magnets according to random b3
component for both beams.
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Fig. 2.6. Beam envelope (60) at injection energy inside the (approximate) beamscreen at
a regular arc QF quadrupole for HL-LHC and for HE-LHC with two alternative injection
energies (450 and 900 GeV), assuming the 23 x 90 optics, and for FCC-hh (at 3.3 TeV),
without any b2 field error.

The rms beta-beating induced by the random by component of each dipole alone,
specified in Table 2.3, would amount to 3.9% in the 23 x 90 arc optics and 4.9% in the
18 x 90 arc optics (either 23 or 18 cells per arc with a betatron phase advance per cell
of 90°), the higher beta-beating in this option being attributed to the larger number
of dipoles and, mostly, to the larger beta functions. This assumes that the systematic
quadrupole component common to all main dipoles in one arc is well corrected and
will not contribute to beta-beating. Another significant contribution to beta-beating
could come from the sextupole spool pieces attached to each dipole. For a horizontal
misalignment of these bs correctors with respect to the magnetic axis of the dipole,
the by component generates an additional linear optics perturbation via feed-down.
To limit this effect, the alignment tolerances of the spool pieces can be specified by
imposing the criterion that the by from feed-down should not exceed the random bg
of the dipoles. With this condition, the alignment of the spool pieces is required to be
below 0.1 mm for the case of 450 GeV injection energy with the highest systematic bs.
Due to the decreased systematic sextupole component (and hence weaker corrector
strength) for the higher injection energies of 900 GeV and 1.3 TeV, the alignment
tolerances increase to 0.28 mm and 0.43 mm, respectively.

Figure 2.6 compares the 60 beam size at a focusing arc quadrupole (QF) inside
the beamscreen (LHC or FCC type) for the HL-LHC at 450 GeV, the FCC-hh at its
nominal injection energy of 3.3 TeV, and the HE-LHC at either 450 or 900 GeV, for
the 23 x 90 optics. At 450 GeV the physical aperture normalised to the beam size is
smaller than for any other existing or proposed hadron collider. For the alternative
18 x 90 optics with only 18 cells per arc, which offers a higher energy reach, the
beam size is larger and, accordingly, the normalised physical aperture lower by about
a further 20. A by field error of 50 units would further reduce the physical aperture
at 450 GeV by o/2, as is illustrated in Figure 2.7. The latest, asymmetric magnet
design ensures that by remains smaller than 5 units at all energies and for both
apertures [37].

2.3.3 Event pile-up

For the design bunch spacing of 25ns the peak pile-up in the experiments is about
460 events per bunch crossing, i.e. more than three times higher than the HL-LHC
design value of 140. If necessary, the peak pile-up could be reduced by levelling, as
is planned for HL-LHC [43,44]. A reduction of the peak pile-up by a factor of two,
to about 200, might lead to a loss of integrated luminosity of about 20%. Another
option is to reduce the bunch spacing with a simultaneous decrease in transverse
emittance. Halving the bunch spacing from 25 ns to 12.5 ns would also halve the pile-
up. However, it may be difficult to produce beams with even smaller bunch spacing
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Fig. 2.7. Physical aperture in units of rms beam size (o) as a function of the magnitude of
the systematic by error in the arc dipoles for the 23 x 90 and 18 x 90 optics.

in the present LHC injector complex and the experiments may not necessarily benefit
from such a short spacing.

2.4 Optics design and beam dynamics
2.4.1 Arc optics

The choice of the arc optics must be a compromise between maximising the energy
reach, fitting within the existing tunnel geometry and possibly allowing injection from
the existing SPS at a beam energy of only 450 GeV. While a higher dipole packing
factor is achieved with fewer and longer cells, injection at lower energy would require
stronger focusing and a larger number of shorter cells.

As indicated in Section 2.3, two alternative optics have been developed in detail,
both with 90° phase advance per cell. The first one (18 x 90), features only 18 FODO
cells per arc, which maximises the dipole filling factor and energy reach of the collider.
The second optics (23 x 90), consists of 23 cells per arc, similar to the present LHC
optics. For the 23 x 90 optics, the collision energy at a dipole field of 16 T is more
than 1TeV lower than for the 18 x 90 optics.

At 450 GeV, with the new FCC-hh type beamscreen, for both optics the physical
aperture appears unacceptably small and, for the currently expected field errors, the
dynamic aperture is also insufficient. However, the 23 x 90 optics might potentially
offer a chance for injection at 450 GeV from the existing SPS, provided that the
magnet field quality can be improved sufficiently and the issues of collimation and
machine protection can be adequately addressed: even with this 23 x 90 optics, at
450 GeV the physical aperture would still be less than 90 (see Fig. 2.16 below).

While the field of the dipole magnets is almost twice that in the LHC for this
second optics, the maximum quadrupole strength is increased by less than 50%
(assuming single coil NbsSn magnet technology). Consequently, the length of the
arc quadrupoles has to be about 15% higher than in the LHC. Both HE-LHC optics
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Table 2.5. Arc optics parameters for LHC (scaled to a beam energy of 13.5TeV) and the
two HE-LHC optics designs (23 x 90 and 18 x 90).

Parameter Unit LHC HE-LHC HE-LHC
23 X 90 18 x 90
Arc cell phase advance degree 90 90 90
Arc cell length m 106.9 106.9 137.33
Normalised quadrupole gradient K m=—2 0.009 0.00819 0.00746
Quadrupole gradient at 13.5 TeV T/m 405 352 336
Quadrupole length m 3.1 3.3 2.8
Dipole length m 14.3 13.73 13.94
Dipole-dipole distance m 1.36 1.5 1.5
Max., min. beta function m 181, 32 177, 32 230, 40
Max., min. dispersion m 22,11 2.2, 1.1 3.6, 1.8
Momentum compaction ac 10~ % 3.22 3.5 5.8
Arc filling factor % 0.80 0.77 0.81
Dipole field for 13.5 TeV T 16.05 16.72 15.82
C.M. energy for 16 T dipole field TeV 26.91 25.83 27.24

LHC

Fig. 2.8. Layout and longitudinal dimensions for the regular arc cell of the present LHC
(top), for the HE-LHC 23 x 90 optics with 23 cells per arc similar to the LHC (centre) and
for the alternative HE-LHC 18 x 90 optics, with 18 cells per arc and longer cells (bottom).

respect the additional requirements from the NbsSn magnet design, i.e. they accom-
modate the increased inter-magnet distances of the FCC-hh.

Table 2.5 presents key parameters for the 23 x 90 and 18 x 90 arc optics along with
those of the present LHC. Figure 2.8 compares the two alternative arc cell layouts with
those of the LHC. Figure 2.9 shows the optical functions and magnet configuration
for the two proposed HE-LHC arc cells. As indicated in the figure, in addition to
8 or 6 main bending magnets (MB), respectively, two main quadrupoles (MQ), and
two main sextupoles (MS), each cell comprises decapole and octupole correctors
(MCD and MCO, nested) on every second dipole, two trim quadrupoles (MQT),
two orbit correctors (MCB), and two beam-position monitors (BPMs). Sextupole
spool-piece correctors (MCS) are attached to each dipole magnet. Depending on
the location in the arc, the short straight sections (SSS) at the end of each optical
half cell accommodate octupole magnets (MO), tuning quadrupoles (MQT) or skew
quadrupoles (MQS) next to a main quadrupole (MQ). Specifically, in the first five
arc cells on each side (those located nearest the IRs), two MQTs are installed per
cell; each arc features four MQS; MOs are placed at all quadrupoles without any
adjacent MQS or MQT.
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Fig. 2.9. Optics and magnet layout for the regular arc cell of the 18 x 90 optics with 18
cells per arc (left) and for the 23 x 90 optics with 23 cells per arc and longer cells (right).

2.4.2 Dispersion suppressors and geometry

The transition between arcs and dispersion-free straight sections is made by means
of a so-called dispersion suppressor (DS). Each LHC dispersion suppressor comprises
four individually powered quadrupole magnets which are separated by two (instead
of three, as in the arcs) dipole magnets. This arrangement of 4 quadrupole and
8 dipole magnets is referred to as two missing dipole cells in the following text.
Reducing the dispersion at the IPs to zero requires special powering of two more
quadrupole magnets on each side of the arc. In terms of the machine optics, the
dispersion suppressor, therefore, refers to the two missing “irregular” dipole cells
plus one additional “regular” arc cell. The regular part of the DS is identical to the
first FODO cell of its respective arc. The irregular portion of the DS is made of two
cells with a total number of eight dipoles which are presently chosen to be identical
to the arc dipoles. The irregular part is located closest to the IR and is connected to
the regular part by a drift space varying in length between 10m and 20 m. All of the
six quadrupoles in the DS are powered individually.

Three different DS layouts, shown in Figure 2.10 for the 23 x 90 lattice, are inte-
grated depending on the IR. In the DS next to IR3 and IR7, presented in the middle
of Figure 2.10, every quadrupole (MQ) is followed by one or two trim quadrupoles
(MQTLI). Both quadrupole types are used for matching. An orbit corrector (MCB)
is located next to every quadrupole. The trim quadrupoles as well as the orbit correc-
tors used in the irregular part of the DS are longer than their respective counterparts
in the arc. Next to IR1 and IR5 6 m long quadrupoles are needed to ensure sufficient
matching flexibility [45]. This configuration is shown in the top plot of Figure 2.10.
Finally, the bottom picture of Figure 2.10 illustrates the DS integrated next to IR2,
IR4, IR6 and IRS8. For the 18 x 90 lattice the irregular part of the DS is schemat-
ically identical to the 23 x 90 lattice, while the regular part equals the respective
regular arc cell of the 18 x 90 lattice. A modified layout of the DS at all odd-number
IRs [46] enables the installation of two DS collimators (TCLD) for improved cleaning
efficiency (see Sect. 2.4.6).
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Fig. 2.10. Dispersion suppressor layout for the HE-LHC 23 x 90 arc optics, in IR1 and 5
(top), IR3 and 7 (centre), and IR2, IR4, IR6 and IR8 (bottom) [33].

The LHC design optics had been matched to the footprint of LEP, with a maxi-
mum offset of less than 6 cm, as is illustrated in Figure 2.11. The overall geometrical
offset of the HE-LHC lattice with respect to either LEP or LHC may be divided in
two parts: arcs, and dispersion suppressors. The offset of the arcs may generally be
reduced to about 2cm peak-to-peak by adjusting the arc cell length to adapt the
global bending radius to the curvature of the tunnel, and by centring the bends
with respect to the IPs in the same way as in the present LHC. On the other
hand, reducing the offset of the DS needs to be done “by hand” and requires more
effort.

The geometrical offset of the HE-LHC or LHC dispersion suppressors with respect
to LEP depends strongly on the total deflection of the 8 bends in each DS (8A-11B;
see Fig. 2.14), which is equal to 167/Nyend if all Npeng bends in the ring are chosen
to be identical. This offset has a minimum amplitude if the DS deflections of LEP (or
LHC) and HE-LHC are approximately equal, i.e. in the range 1230 < Npeng < 1237.
A Dbend scheme of 1232 (a multiple of 16) identical bends was chosen for the present
LHC (23 cells per arc), resulting in the footprint difference of Figure 2.12 (right
picture). Previous design versions (25 cells, 24 cells) used very different bend schemes,
and in those lattices one or more bends in each DS needed to be different from the
ones in the regular arc cells in order to follow the LEP geometry.
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Fig. 2.11. Horizontal difference of the LHC from the LEP footprint all around the ring
(left) and in the region of the dispersion suppressor (right).
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Fig. 2.12. Horizontal difference from the LHC (left) and LEP footprint (right) all around
the ring for both the 23 x 90 with collimators (TCLDs) in the dispersion suppressors of IRs
1, 3, 5 and 7, and for a preliminary 18 x 90 HE-LHC optics without space for TCLDs.

In the proposed HE-LHC 23 x 90 lattice Npenq 18 also equal to 1232, and a rea-
sonable offset value of 78 mm peak-to-peak w.r.t. LEP (compared to 69 mm for the
peak-to-peak offset of the present LHC w.r.t. LEP) could easily be obtained. How-
ever, going away from the number of 1232 bends (e.g. with a cell scheme like 18 x 90)
it becomes more difficult to limit the DS offset. Changing the number of bends in
each DS is excluded with such moderate (~50) changes of Npend, as this would pro-
duce a too large an imbalance between the deflections of the DS and the arcs. If the
main bends are to remain all identical the only solution left is to move some bends
longitudinally. An offset of only 64 mm could recently be achieved in an 18 x 90 test
lattice (Npena = 1280), but at the expense of fine tuning the geometry with many
bend displacements.

The horizontal offset corresponding to both HE-LHC optics from the LHC and
LEP machines is illustrated in Figure 2.12. In the arcs the maximum offset allowed
from the LHC or LEP line is about 3 cm. A better fit to the LEP footprint implies
a larger difference from the LHC, especially in the DS region. A zoomed view of the
offset in this region is shown in Figure 2.13. It is thought that the tunnel wall in the
dispersion suppressors follows the LEP footprint. Either optics can be matched to
comply with the geometrical constraints.

Two special collimators (TCLDs) are needed in each DS of the collimation
straights 3 and 7 and of the high-luminosity straights 1 and 5. It is proposed
to displace the dipole pairs 8 and 11, to make room for these collimators, as is
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Fig. 2.13. Zoomed view of the horizontal difference from the LHC (left) and LEP foot-
print (right) in the region of the dispersion suppressor, for the 23 x 90 optics without (top)
and with space for TCLDs (centre), and for a preliminary 18 x 90 HE-LHC optics without
TCLDs (bottom). The 23 x 90 optics without TLCDs features the correct minimum dis-
tances between magnets, and it has been matched both at injection and for collision. The
other two optics are being finalised.

illustrated in Figure 2.14. Figure 2.15 sketches how such a dipole displacement by,
e.g. 3m pushes the reference orbit towards the centre of the ring by 30 mm locally
around Q9, increasing the peak-to-peak survey offset by the same amount [46]. The
resulting larger deviation from the reference footprints in the straight sections with
TCLDs can be seen by comparing the top and centre pictures of Figure 2.13.

2.4.3 Physical aperture

The aperture is most critical at injection, in particular for an injection energy as
low as 450 GeV. Figure 2.16 presents the expected aperture with errors in units of
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Fig. 2.14. Displacement of the DS dipole pairs 8 and 11 for the installation of TLCD
collimators in IRs 1, 3, 5 and 7 [46].
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Fig. 2.15. Effect of displacing the DS dipole pairs 8 and 11, to make space for TCLD
collimators, on the local footprint [46].

o, related to the so-called “nl” parameter [47], in a regular arc cell at injection.
The aperture was calculated assuming the same tolerances as for the HL-LHC [48]
(energy 450 GeV, normalised emittance 2.5 um, closed orbit error 2 mm, beta-beating
coefficient 1.05, relative momentum offset 8.6 x 10~%, relative parasitic dispersion 0.14
and misalignment error ~1mm [49]). It is assumed that the HE-LHC dipole magnets
are bent and follow the curved beam design trajectory, in contrast to the (otherwise
identical) straight magnets of the FCC-hh. The minimum aperture in every arc cell
is about 9c, for the 23 x 90 optics. This is smaller than the minimum aperture of
12.60 required for the HL-LHC for the same beam emittance [48]. It should be
studied whether this reduced aperture for HE-LHC could be rendered acceptable by
a stricter control of the injection oscillations, adequate machine protection measures
and tighter primary collimator settings. For example, with primary collimators set
at bo, about 4.50 space is available to preserve the collimator hierarchy between
primary, secondary, dump-protection and tertiary collimators and the arc aperture.

2.4.4 Optics and shielding in the experiment insertions

In the experiment insertions the higher energy beams must be focussed and separated
within the limited length of the existing straight section. Figure 2.17 compares the
layout of the HE-LHC final focus with those of the present LHC and the HL-LHC
upgrade. The triplet for the HE-LHC is noticeably longer than either of the other
two. As is already the case for the HL-LHC, the HE-LHC separation dipoles are all
superconducting, with a strength of 9.7 (D1) and 7.7 T (D2). Both dipoles, D1 and
D2, are about 50% longer than for the HL-LHC. Technical parameters of the final
triplet quadrupoles and separation dipoles are presented in Section 3.2.9.

Both the HE-LHC and HL-LHC layouts feature an empty space of about 20 m
for the installation of crab cavities and orbit correctors between D2 and the next
quadrupole upstream, Q4. With an average beta function [, in this region of at
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Fig. 2.16. Minimum aperture with canonical errors, in units of o, along a regular arc cell
of the HE-LHC 23 x 90 and 18 x 90 optics, for an injection energy of 450 GeV. At 1.3 TeV
the aperture in units of o would be 1.7 x larger.

least 1500 m for an IP beta function 5* of 0.45m, a crab RF frequency of 400 MHz
and at a half crossing angle 0./2 = 165 purad, the crab-cavity voltage required
is Vepab = (0¢/2)(cEveam/€)/ (27 fre) //B* Berab = 10 MV per side of the interaction
point and per beam, to be compared with an HL-LHC crab-cavity voltage of 6 MV.
The strength specification for the HL-LHC crab cavities is 2.26 MV /m, so that a
10MV total crab voltage for HE-LHC implies about 2 cryo-modules with a length
of 3m each per beam, plus perhaps another 2m for the vacuum interconnections.
Therefore, the total crab-cavity system for two beams can be made to fit in the
available space.

Figure 2.18 shows the optics and aperture of the squeezed optics at collision energy
for the experiment insertions in IRs 1 and 5. The matching section has been adjusted
with longer quadrupoles. At the proposed half crossing angle of 165 urad (16.80 sep-
aration) the physical aperture, including 2mm shielding of the triplet quadrupoles,
is more than 20c0. Potentially much more shielding is possible in the first quadrupole,
QL.

Dynamic aperture studies were performed at collision energy with triplet-
quadrupole nonlinear field errors only together with sextupole (asz/bs), octupole
(a4/bg) and dodecapole (bg) correctors located left and right of IP1 and IP5 [50].
The errors for the triplet quadrupoles are based on the error table for the HL-LHC
triplet [51], determined from 60 different random seeds. Only with the nonlinear field
errors of the triplet and no correction, the dynamic aperture at * = 0.45m and a
half crossing angle of 165 urad, corresponding to 16.8¢ separation, is about 8c. It can
be increased to 200 or above, by applying the non-linear correctors, as is illustrated
in Figure 2.19. Further improvements are expected from optimising the half-ring
phase advances between IR1 and IR5 (“double tuning”) [52]. Spurious dispersion
correction is working well.

The magnets around the collision points will be subject to high radiation lev-
els, which may degrade their performance over time. It is currently assumed that
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the Nb3Sn conductor performance can be maintained until a displacement-per-atom
(DPA) value of 2 x 1073 is reached and that the magnet insulation can withstand an
accumulated radiation dose of 30 MGy.

Over the machine lifetime, if a tungsten shield is used, the limiting values for the
DPA and insulation damage cited above may be exceeded after accumulating peak
doses of 40-50 MGy in the coils of the magnet.

The impact of the radiation on the HE-LHC final quadrupole triplet and its miti-
gation by shielding was studied in simulations with the FLUKA code [53]. Figure 2.20
illustrates the FLUKA model of the three types of final quadrupole. Each quadrupole
contains a 2cm layer of tungsten shielding. The free half apertures are 44.6 and
44.8mm and the magnet coils start at a radius of 70.4 and 70.6mm, for Q1/Q3
and Q2, respectively. The peak dose simulated inside the magnet coil for an inte-
grated luminosity of 10ab~"! is shown as a function of the longitudinal position in
Figure 2.21. The peak at the beginning of Q2A could be suppressed by installing
shielding in the magnet interconnects. With this caveat, the peak dose stays below
30 MGy everywhere, which suggests that the final quadrupole triplets may survive
the entire life span of HE-LHC operation. Also the peak power density remains
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Fig. 2.21. FLUKA simulated peak dose along the final quadrupole triplet for a total inte-
grated luminosity of 10ab~! and a horizontal or vertical half crossing angle of 165 urad,
with an inner W shielding of 2 cm, in each of the quadrupoles, and without any shielding in
the interconnects.
comfortable: at a luminosity of 2.5 x 103*ecm™2s7! it stays below 3mW cm™3.
Figure 2.22 shows the simulated energy deposition in the first separation dipole mag-
net D1.

Figure 2.23 shows the experiment IR optics and aperture at injection with a g*
of 11 m. The maximum value of beta has been limited to 275 m, similar to the peak
value in the arcs.

2.45 RF and diagnostics insertion

As in the LHC, IR4 will host the radiofrequency (RF) accelerating systems and
beam diagnostics. For the 23 x 90 and 18 x 90 optics, the RF voltage required will
not exceed the value already available in the LHC. Separation dipoles need to be
stronger and hence longer, to work at twice the LHC energy. The IR4 optics is also
used to tune the machine and to change the phase advance between experiments,
which is important for the dynamic aperture. To help with this functionality, a tuning
quadrupole has been added. Figure 2.24 compares the HE-LHC IR4 optics with that
of the present LHC. The local optics in IR4 can be used to make global tune changes
of up to half an integer in both planes, without changing the optics anywhere else in
the ring.

2.4.6 Collimation

The collimator system of a hadron collider fulfils multiple functions, in particular:
(1) it must minimise beam loss in the cold parts of the machine during periods of



1166 The European Physical Journal Special Topics

el “ - - T - -
korizoetal ——
wertioal ——
%k o
@t -
16 b 4

=

foge [HEGA 10 ab-1]
5 B

= £l 40 e, b= 26 ] ple
= [al

Fig. 2.22. FLUKA simulated peak dose along the separation dipole D1 for a total integrated
luminosity of 10ab™" and a horizontal (black) or vertical half crossing angle (red) of 165
prad, with an inner W shielding of 2 cm.
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Fig. 2.23. Beta function and apertures for the injection optics at 450 GeV in the experiment
IRs 1 and 5, with 8* = 11 m, including a 2mm closed-orbit uncertainty, with beam—beam
separation at the IP and a half crossing angle of 180 urad (both separation and angle cor-
responding to 16.80).
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Fig. 2.24. Optics for the RF and diagnostics insertion IR4 in the present LHC (left) and
with longer RF section and longer separation dipoles for the HE-LHC (right).

minimum beam lifetime (assumed to be 12 min) to prevent quenches of superconduct-
ing magnets; (2) it must protect the machine from failures (e.g. in case of injection
errors or an asynchronous beam abort) by intercepting bunches which would oth-
erwise destroy machine components; (3) it must keep experiment backgrounds at
an acceptable level. To achieve the second task, the collimators need to be made
from highly robust materials. Furthermore, the collimators are the closest elements
to the beam and significant sources of impedance. Development of novel, robust, low-
impedance collimators is ongoing as part of the HL-LHC effort [54,55]. It is likely
that such new low-impedance collimators will be required for the HE-LHC.

With the reduced physical aperture at injection and smaller beams at higher
energy, collimating the HE-LHC beams is significantly more challenging than for
the HL-LHC. The baseline solution is to use the HL-LHC collimation layout as a
starting point [56,57], building on the well-tested LHC collimation system [58,59],
with the necessary modifications. As is already the case for the LHC and HL-LHC,
the collimator system will be multi-staged, consisting of primary, secondary and
tertiary collimators, plus others, such as those used for protection of the extraction
system or capturing collision debris.

The betatron collimation straight in IR7 and the momentum collimation straight
in IR3 are challenging from an optics/magnet point of view. Due to the intrinsically
high beam losses in these regions, the LHC collimation straights can only accommo-
date warm magnets. The HE-LHC design strategy has been to maintain or approxi-
mate the LHC optics with its carefully optimised collimator locations [60] and phase
advances between collimators. Keeping exactly the same optics would require a dou-
bling of the integrated bending and focussing fields. Minimising longitudinal gaps,
eliminating any weakly excited quadrupoles and spare collimator slots and increasing
the length of all magnets to the maximum extent possible, all help accomplish this
goal. For IR3 the remaining lack of integrated magnet strength in the region hosting
the primary and secondary collimators was compensated by length scaling, leading
to beta function values that are increased by the same scaling factor. For IR7 such a
length scaling was not necessary.

The introduction of dispersion-suppressor (DS) collimators requires additional
space in the DS. The solution adopted for HL-LHC, which relies on replacing one
standard dipole by two shorter and stronger dipoles with space for the collimator
in between [61-63], can probably not be applied to the HE-LHC, since the standard
dipoles already have a field of 16 T. Therefore an alternative solution which implies
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Fig. 2.25. Optics of the HE-LHC momentum collimation section in IR3.

moving several dipoles to create space, has been adopted. This layout uses ideas
previously considered for HL-LHC [64].

Based on these considerations, a layout and optics design were established for the
two cleaning insertions of the HE-LHC. The optics for IR3 and IR7 are shown in
Figures 2.25 and 2.26, respectively.

Possible future improvements include the following three points:

1. Empty areas inside the cross section of the warm twin quadrupoles MQW could
be filled with shielding material, if this reduces the radiation levels downstream.

2. To make the most efficient use of the space available in the IR7 and IR3 straight
sections, the outer dipoles of the separation doglegs, which are subject to fairly
low radiation levels, could be replaced by shorter superconducting dipoles.

3. In addition, since for HE-LHC the inter-beam separation in the arcs is increased
to 250 mm, compared with 194 mm at the LHC, the necessity and optimum size
of the IR7/3 dogleg (and, hence, the integrated strength of the corresponding
dipoles) need to be re-examined.

The hierarchy must be preserved in the presence of errors, which requires a min-
imum transverse distance of 1-20 between the different levels of collimators, taking
into account machine imperfections, optics and orbit stability, injection oscillations
and possible failure modes. Table 2.6 compares the settings planned for the HL-LHC
[48,65] with settings for the HE-LHC at two different injection energies, for the
23 x 90 optics. For injection, LHC-like settings in units of ¢ are chosen to protect
the (reduced) aperture, noting that the HE-LHC emittance is about 30% smaller
than the LHC design emittance. Injecting at 900 GeV would allow the same settings
and margins to be used as for the LHC or HL-LHC. In view of the larger triplet
aperture in units of o compared with the HL-LHC, the HE-LHC top-energy settings
in Table 2.7 are based on the HL-LHC collimation settings, but result in a slightly
smaller physical half gap of 0.82mm. In addition, since the HL-LHC DS collimator
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Table 2.6. LHC/HL-LHC and preliminary HE-LHC collimator settings at two different
injection energies for a reference emittance of 2.5 um, and the 23 x 90 optics.

HL-LHC HE-LHC
Beam energy 450 GeV 450 GeV 1.3 TeV
Aperture (half gap) (o) | (mm) (o) (mm) (o) (mm)
Primary collimator TCP 6.7 4.3 5.7 3.81 9.7 3.81
Secondary collimator TCS 7.9 | 4.75 6.7 4.21 11.4 4.21
Active absorber TCLA 11.8| 5.9 9.0 4.45 15.3
Dump protection TCDQ 9.5 | 15.0 8.0 11.96 13.6 11.96
Tertiary collimator TCT 154 7.5 13.0 22.1
DS collimators TCLD in IR7 | >20 | n/a |10 and 12| 3.55 and 5.33 | 17 and 20.4 | 3.55 and 5.33
Machine aperture 12.6 - 9.5 - 16.2 -

Notes. The collimator gaps in mm refer to the minimum gap per family.

gaps would result in an extremely tight physical gap of less 0.8 mm, for the HE-LHC
the two TCLD’s were opened to 18.1/22.20, respectively, without any loss in clean-
ing efficiency. Some further optimisation of these settings could be done to reach an
optimum balance between machine protection and minimum impedance.

Injection at 450 GeV will be significantly more challenging, due to a physical
aperture below 100, and the feasibility of high-energy operation with the 5.7¢ primary
cut in Table 2.6 remains to be demonstrated, as well as the tight margin between the
primary collimators and the machine aperture.

Table 2.7 presents a similar comparison for the collision optics at top energy,
where the aperture and settings are determined by the experiment insertions and
not by the arcs. At top energy, the triplet aperture remains large enough that the
collimation settings can be chosen similar to the HL-LHC, either in units of beam size
or, alternatively, even in physical dimensions. Indeed, for the same number of o the
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Table 2.7. LHC/HL-LHC and preliminary HE-LHC collimator settings at top energy in
collision for a reference emittance of 2.5 pm.

HL-LHC HE-LHC
Beam energy 7TeV 13.5 TeV
Aperture (half gap) (o) (mm) (o) (mm)
Primary collimator TCP 6.7 1.1 6.7 0.82
Secondary collimator TCS 9.1 1.4 9.1 1.32
Active absorber TCLA 11.8 1.6 11.5 1.04
Dump protection TCDQ 10.1 4.0 10.1 2.75
Tertiary collimator TCT 10.4 3.6 10.5 0.94
DS collimators TCLD in IR7 | 18.1 1.78 18.1 and 22.2 | 1.17 and 1.54
Machine aperture 11.9* - ~12.5%* -

Notes. The collimator gaps in mm refer to the minimum gap per family. * After 3*-levelling,
**Bottleneck at triplet.
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Fig. 2.27. Simulated cleaning efficiency around IR7 at collision energy with primary col-
limators, TCP, set at 6.70 and secondary collimators TCSG at 9.1c, for the 23 x 90 arc
optics.

gap size shrinks by roughly v/2, so for example, a gap of 140 ym at HL-LHC becomes
100 ym at the HE-LHC. The retraction between the dump protection (TCDQ) and
the tertiary collimators (TCT) imposes constraints on the phase advance from the
extraction kickers to the TCTs, as it does also for the LHC and HL-LHC [66].
Figures 2.27 and 2.28 present simulated cleaning inefficiencies at collision energy
and at an injection energy of 450 GeV for the 23 x 90 optics based on the collimation
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Fig. 2.28. Simulated cleaning efficiency around IR7 at an injection energy of 450 GeV, with
the primary collimators, TCP, set at 5.70c and secondary collimators, TCSG, at 6.7c, for
the 23 x 90 arc optics. The TDI and TCLI injection protection collimators are set at 6.8
and 8.0 o, respectively (LHC setting would be 6.80, HL-LHC setting 80).

settings of Tables 2.6 and 2.7. The cleaning efficiency of the collimation system with
this layout and optics was studied using SIXTRACK [38,67,68], using the setup and
assumptions described in [59]. The local cleaning inefficiency is excellent, significantly
less than 1075, for all cold sections (shown in blue, while losses in warm areas are dis-
played in red). The cleaning simulations also include two IR7 dispersion-suppressor
(DS) collimators set at 10 and 140 at injection, respectively, and to 18.1 and 22.20
at collision. The second DS collimator has a larger opening in order not to affect the
momentum cleaning at IR3. As can be seen in Figure 2.28, the DS collimators inter-
cept practically all protons that otherwise would have been lost on the cold magnets
in the DS. This is a highly promising result. Nevertheless, FLUKA simulations of the
full shower development are still needed to fully validate this design, i.e. to judge the
risk of quenches or of any damage to the collimators themselves. In addition, further
studies are needed to finalise the collimator settings outside IR7, in particular for the
injection protection.

2.4.7 Extraction

Extraction will be hosted in IP6, as in today’s LHC. Since the beam energy is almost
doubled, a stronger extraction kicker and septum system is required. This can be
achieved through a combination of (1) increasing the lengths of kicker and septa,
(2) reducing their gap size (easier for a higher injection energy), and (3) improved
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Fig. 2.29. Optics for the extraction insertion in IR6 compared with the present LHC optics
(top) and the corresponding beam envelopes for HE-LHC at 1.3 TeV and LHC at 450 GeV
(bottom). The envelopes represent 10 RMS betatron beam sizes plus 4 mm.

technology. Peak g-functions are constrained with the help of matching quadrupoles
in the DS; this will also allow the kicker gap size to be minimised. The space between
Q4 and Qb5 is lengthened to generate more space for the kickers. An optimum Q4
and Q5 distance is constrained by the S-functions which increase as the magnets are
moved apart. The optics and beam envelopes in the extraction straight are illustrated
in Figure 2.29. In Section 3.5.3, the technical parameters for the extraction kickers
and septa are summarised and compared with those of the present LHC.

2.4.8 Injection

The HE-LHC injection system strongly depends on the injection energy. With regard
to the injection hardware (e.g. kicker and septa) and the local optics, injecting at
450 GeV is obviously possible; indeed, for 450 GeV the optics in the injection region
could be quite similar to, if not the same as, the present LHC optics. Injection at
900 GeV requires more space if the rise time has to remain at 1 us; some impact on
the experiment optics becomes inevitable, as shown in Figure 2.30.

At twice the rise time, a 900 GeV beam could be injected with essentially the
present kicker design in short-circuit mode, without any impact on length. How-
ever, this would affect the overall filling efficiency of the HE-LHC machine. The
septum would need to be SC, or else a passage through the cryostat is required in
the upstream quadrupole. Injecting at 1.3 TeV, the present baseline, needs more space
even in short-circuit mode and, for the same rise time (filling pattern), four times
more installed length is required, which has a significant impact on any secondary
experiment sharing the same IP (length reduction by 40m). An intermediate solu-
tion with 1.5 us rise time would reduce the length for the experiment by only 20 m.
Injection-kicker parameters for 1 us rise time are presented in Section 3.5.2. In short,
injection is feasible for all energies, but injection energies above 450 GeV impact the
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Fig. 2.30. Optics for the IR2 injection insertion for 900 GeV transfer energy with increased
space for the injection kickers (6 modules instead of 4).

optics for potential experiments in IR2 and 8, whose corresponding 3* reach remains
to be quantified.

The filling pattern of the collider will be affected by the choice of injection energy
not only through the corresponding kicker rise time, but also by the maximum number
of bunches for safe beam transfer at injection, which is determined by the robustness
of the injection protection.

2.4.9 Longitudinal parameters and RF profile on the ramp

The requirement of longitudinal beam stability determines the minimum longitudinal
emittance and RF voltages at all energies. Different scenarios considered include the
two alternative arc optics, three possible injection energies (0.45, 0.9 and 1.3 TeV),
beam parameters in collision, as well as the RF and beam parameters during accel-
eration.

The longitudinal emittance is defined as the area in longitudinal phase space
circumscribed by the trajectory of a particle oscillating between —2¢, and +20,. The
emittance on the 13.5 TeV flat top is obtained by scaling from the value needed to
ensure beam stability (Landau damping) at 7 TeV with the HL-LHC intensity (3eVs).
Longitudinal parameters for HE-LHC at 13.5TeV (during physics) are presented
in Table 2.8, for the two proposed optics. The HE-LHC values were obtained by
scaling from the 7 TeV values of the HL-LHC baseline, assuming the same effective
impedance of Im(Z/n)eg = 0.11 €. In case, for the HE-LHC, Im(Z/n)cg¢ increases by
a factor F' compared with the HL-LHC, the bunch length in physics would need to
be approximately a factor F''/5 longer.

The RF voltage profile and the emittance evolution during a 20 min acceleration
to 13.5 TeV are shown in Figure 2.31 (solid line), for three different injection energies
and the two arc optics. Controlled emittance blow-up (dashed line) can be achieved
applying band-limited phase noise (the method currently used in LHC operation).

Longitudinal parameters at four different HE-LHC beam energies, including three
possible injection energies, are presented in Tables 2.9 and 2.10, for the LHC-like
baseline optics and the alternative optics, respectively.

The initial emittance of 0.76eVs at injection for the LHC-like (23 x 90) optics
corresponds to the minimum necessary for beam stability in the LHC when scaled
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Table 2.8. Longitudinal parameters for HE-LHC at 13.5 TeV compared with the HL-LHC.

Beam Optics Ye Bunch 400 MHz Bunch Emittance Momentum
energy population RF voltage length spread
(TeV) (10*h) (MV) (40¢) (ns) (20) (eVs) (205) (107%)
7.0 HL-LHC 53.8 2.3 16.0 1.2 3.03 2.36
13.5 23 x90 53.8 2.3 16.0 1.2 4.20 1.70
13.5 18 x 90 42.1 2.3 16.0 1.2 3.30 1.33
16
16
14 | 1l
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Fig. 2.31. RF voltage (solid line) and emittance with controlled blow up (dashed line)
during the ramp from 450 GeV, 900 GeV or 1.3 TeV to 13.5TeV. A transition energy -; of
53.8 (e = 3.5 x 107, 23 x 90 optics, left) or 42.1 (ac = 5.8 x 1074, 18 x 90 optics, right) is
assumed [69]. For all cases the minimum emittance required for longitudinal beam stability
scaled from the HL-LHC at 7TeV and a total ramp time of 20 min are assumed.

Table 2.9. Longitudinal parameters for HE-LHC with v, = 53.8 (ac = 3.45 x 10™*) after
capture for a bunch population N; of 2.3 x 10!, at different beam energies.

Beam energy 400 MHz RF  Emittance Bunch length Momentum spread
(TeV) voltage (MV)  (20) (eVs) (40) (ns) (205) (107%)
0.45 10.4 0.76 1.35 8.27

0.90 10.5 1.08 1.35 5.84

1.3 10.6 1.29 1.35 4.86

13.5 10.9 4.16 1.34 1.52

Notes. All emittances are defined by longitudinal stability in LHC and scaled from the
7TeV value. The SPS (even after LS2) cannot produce 0.76 eVs with 1.65 ns bunch length
(288 bunches). RF voltage is calculated for 0.75 bucket filling factor in momentum. Bunch
length is after capture and filamentation.

from the top energy value. However, this emittance can only be obtained in the
SPS with the Q22 optics, which is currently being considered for the LHC Injector
Upgrade (LIU) project, for a different reason.

For the Q20 optics, which has been used in SPS operation so far, the emittance
corresponding to 1.65ns long bunches (40,, LIU baseline) for 10 MV RF voltage at
200 MHz on the SPS flat top would only be 0.6 eVs. This turns out to be the minimum
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Table 2.10. Longitudinal parameters for HE-LHC with v, = 42.08 (ac = 5.646 x 107%)
after capture for a bunch population N of 2.3 x 10!, at different beam energies.

Beam energy 400MHz RF  Emittance Bunch length Momentum spread
(TeV) voltage (MV)  (20) (eVs) (40¢) (ns) (205) (107%)
0.45 10.7 0.60 1.35 6.53

0.90 10.8 0.85 1.35 4.61

1.3 10.8 1.02 1.35 3.84

13.5 11.0 3.29 1.34 1.2

Notes. All emittances are defined by longitudinal stability in LHC and scaled from the
7 TeV values. RF voltage is defined by 0.75 bucket filling factor in momentum. Bunch length
is after capture and filamentation.

emittance required for the alternative 18 x 90 optics, but it is too small a value for
the 23 x 90 optics. An RF voltage of 10 MV should be available after the SPS RF
power upgrade during the LHC Long Shutdown 2 in 2019/2020.

The voltage during acceleration has been determined for an RF bucket filling
factor in momentum of 75%, similar to that for current LHC operation. An RF
voltage of 11 MV at 13.5 TeV corresponds to a total bunch length of 1.2 ns for either
HE-LHC optics. Indeed, the RF voltage Vrr required for the same filling factor of
the bucket area scales with beam energy Ej, longitudinal emittance €|, and gamma-

transition as Vir oc eff/(Ep77). For beam stability the emittance must be varied as

€ X E; / 2%. Therefore, the RF voltage is similar for different values of ~;.

The RF power requirements do not exceed those of the HL-LHC. The full-
detuning scheme can be used on the HE-LHC flat top, in the same way as for the
planned RF operation mode at the HL-LHC.

For all injection energies, the minimum longitudinal emittance is defined by beam
stability in the HE-LHC, obtained by scaling from the HL-LHC at 7 TeV. However,
at 450 GeV the present SPS cannot produce the required emittance within the nom-
inal bunch length of 1.65ns prior to filamentation. As an example, for v, = 53.8
(ac = 3.5 x 1074, 23 x 90 optics), the minimum longitudinal emittance required for
stability at 450 GeV is 0.76 eVs, which is larger than the maximum value of 0.6 eVs
achievable in the SPS after upgrades, with a “nominal” extracted bunch length of
1.65ns. So either the injected bunch length will be 12.5% larger (1.85ns), leading to
higher capture losses and possibly satellites, or, after injection into the HE-LHC, the
beam will be below the limit of stability. The second case is actually encountered in
the present LHC, where injection oscillations are not damped for a long time (even
surviving the ramp and the controlled emittance blow-up), but have no dramatic
impact on the collider operation.

2.4.10 Beam-beam effects and crossing angle

The crossing angle and aperture available in the triplet depend on the choice of §*
and on the strength of the long-range beam-beam effects [70-73].

To determine the minimum acceptable beam—beam separation at the location of
parasitic encounters in the HE-LHC, the same criteria as used to develop the LHC
and HL-LHC collision schemes [63] are applied. In particular, the target value for the
one-million-turn DA should be at least 60 with the HE-LHC normalised emittance
of 2.5 um. This choice is based on the initial LHC experience with long-range beam—
beam effects [74] and the subsequent successful strategy of LHC Run 2 [73,75,76].
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Fig. 2.32. Long-term dynamic aperture as a function of the beam—beam separation in units
of the transverse beam size for different bunch intensities at collision.

The beam-to-beam separation at the first long-range encounter is given by dsep =

a-+/B*y/en, where ey denotes the normalised emittance. Based on LHC operation
experience and dedicated beam studies, with an HE-LHC beam-beam separation
dsep of approximately 170, the dynamic aperture due to the long-range beam-beam
encounters is 6.00, as shown in Figure 2.32. This appears to be sufficiently large to
keep the long-range beam-beam effects under control during collisions. Figure 2.32
presents the dynamic aperture as a function of dgsp, for the nominal intensity (blue
line) and for bunches of lower intensity. To maintain a minimum DA of 60 a full
crossing angle of 230 prad is required at the two primary IPs for 57  of 0.45m.

The crossing angle could potentially be reduced in view of the strong radiation
damping at 13.5TeV, which introduces additional operational margins not consid-
ered in the tracking simulations. This radiation damping can partially compensate
for the nonlinearities of the machine. The crossing angle might also be lowered,
or the dynamic aperture could be further improved, if beam—beam compensation
techniques, i.e. bunch-to-bunch electron lenses [77] or a wire compensator [78], are
applied.

Figure 2.33 compares the normalised beam—beam separations at the various long-
range encounters for the HE-LHC crossing scheme with those of the HL-LHC baseline
and ultimate configurations, as defined in [79]. The corresponding beam—beam foot-
prints are shown in Figure 2.34, together with those for the LHC configurations of
2012 and 2016. Based on experience gained from LHC Run 1 and 2 [80,81], the total
head-on beam—beam tune shift Qppp, is limited to 0.02-0.03. The diagonal extent of
the HE-LHC footprint closely resembles that of the HL-LHC, while the long-range
wings are smaller than those probed during the LHC 2012 run [75].

2.4.11 Space charge, bunch-to-bunch tune variation, intrabeam scattering,
Touschek effect

Space charge effects during injection at 450 GeV will be similar to those at the
HL-LHC, with a maximum direct space-charge tune shift of 2-3x1073. At injection
the direct space charge tune spread contributes to Landau damping of higher-order
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Fig. 2.34. Beam-beam tune footprint up to 6o in transverse amplitude for the HE-LHC
with 165 urad half crossing angle, compared with the HL-LHC and the LHC configuration

of 2012.

single-bunch head-tail modes [82]. At collision energy the direct space charge tune
shift shrinks to 10~* and direct space-charge effects should be negligible.

The smaller chamber size will cause the indirect space charge effects to be
enhanced compared to the LHC and HL-LHC. Extrapolating from [83], the verti-
cal Laslett tune shift at 450 GeV will be about AQpasiett ~ —0.07. Although the
average tune shift can be corrected by adjusting the arc quadrupoles as a function of
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Table 2.11. Collimator gap sizes assumed for the impedance simulations, in units of the
rms beam size o for a normalised transverse emittance of 2.5 um, at three different injection
energies and at top energy.

Parameter Unit 450GeV  900GeV 1.3TeV 13.5TeV
Primary (TCP) in IR7 Ocoll 5 5.7 5.7 5
Secondary (TCSG) in IR7  ocon 6 6.7 6.7 6
Injection protection (TDI)  ocon 7.3 8 8 900
Dump protection (TCDQ)  oeon 8 8 8 8

total beam intensity, some leakage of the AC magnetic field in the 10 kHz frequency
range during filling of the machine could lead to significant bunch-to-bunch tune
variation [83].

Another source of filling-pattern dependent bunch-to-bunch tune variation is
the resistive-wall effect. Applying the results of [84] for the injection plateau, the
resistive-wall transient could lead to a tune variation along the HE-LHC bunch trains
of order 1073,

With the LHC-like baseline optics, and using the longitudinal parameters of
Section 2.4.9; the intrabeam-scattering (IBS) emittance growth time at injection
amounts about to 8h in both the horizontal and longitudinal plane [85]. For the
alternative 18 x 90 optics the IBS rise time is 9 h longitudinally and 6 h horizontally.
Therefore, an emittance growth of about 5-6% longitudinally and 6-8% horizontally
is expected to occur during 30 min at injection energy. This emittance growth could
be reduced by means of a lower frequency RF capture system (e.g. 200 MHz), allow-
ing for a larger longitudinal emittance and larger bunch length at injection. At top
energy all IBS rise times exceed 25 h; hence, they appear negligible compared with
the radiation damping [85].

For the same longitudinal parameters of Section 2.4.9, the Touschek lifetime is
about 1500-2000h at injection, and 4000-5000h at top energy, depending on the
optics. The higher values refer to the 23 x 90 baseline optics [85].

2.4.12 Impedance model

An HE-LHC impedance model has been built based on the HL-LHC model with a
few modifications [86] to examine the single-beam stability.

The FCC-hh beamscreen impedance [87] is used for the cold arcs, scaled to
the HE-LHC length and [-function. This impedance is larger than the beamscreen
impedance in the present LHC due to the smaller half aperture (12 versus ~18 mm
in the vertical plane) and higher temperature (50 K for HE-LHC versus 5-20 K for
LHC). On the positive side, there is no contribution from the pumping holes to
be considered because they are effectively shielded by the beamscreen [87]. The
impedance for the room temperature beam pipes is taken from the LHC [88].

The collimators are a major contributor to the transverse impedance budget since
they are operated with small gaps. The HL-LHC collimation layout is assumed [88],
with primary (TCP) and secondary collimators (TCSG) in IR7 assumed to be made
from MoGr, with and without a 5 um Mo coating, respectively. Table 2.11 shows the
collimator gaps assumed for the impedance calculations, in units of transverse rms
beam size at the respective collimator, o.o. The collimator settings used for the top
energy case are based on a preliminary HE-LHC optics [82], dating from October
2017. For the injection energy, the simulations are based on the HL-LHC optics and
impedance model.
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Fig. 2.35. Real (solid curves) and imaginary part (dashed curves) of the HE-LHC transverse
impedance at two different injection energies (left) and at top energy (right) compared with
the HL-LHC transverse impedance, as a function of frequency [86].

The physical gaps scale with the beam energy and with the normalised emittance.
Consequently, the physical gap sizes become tighter as the beam energy increases.
Thus, the collimation system already becomes the main impedance contributor at an
energy of 1.3 TeV and it remains the dominant source of impedance up to top energy.

The collimator settings of Table 2.11 represent a worst-case impedance scenario.
At an injection energy of 450 GeV the gap sizes reported in Table 2.11 are about 10%
tighter than those of Table 2.6. At top energy, the gap sizes of primary and secondary
collimators used for the impedance calculation are even 30%-40% tighter than the
settings of Table 2.7. The latter was considered for simulating the cleaning efficiency.
The top-energy settings of Table 2.11 would protect the final-triplet aperture even
for g7, values two times smaller than the nominal value.

The beamscreen in the impedance model has been replaced by the FCC-hh type
beamscreen [89], both at injection and top energy. Also included in the impedance
model are the broadband (BB) impedance and higher-order modes from the main RF
cavities. The number of cavities included in the model is the same as for the LHC.
The experiment vacuum chambers of ATLAS, CMS, ALICE and LHCb are also
taken into account. The impedances from the recombination chambers, the shielded
bellows and the arc BPMs are also accounted for and represented by a broadband
resonator. Crab cavities are not included in this first version of the impedance model
and therefore the transverse beam stability is assessed without them. When these
cavities are added to the model, the cavity HOMs which would drive instabilities,
need to be attenuated. The values for all these elements are derived from simulations
or analytical estimates made for the LHC and HL-LHC [88]. For instability estimates,
the HL-LHC injection or flat-top optics are assumed.

The transverse impedance model [86] is illustrated in Figure 2.35 (left) for two
different injection energies; the HL-LHC impedance is also shown for comparison. At
450 GeV the HE-LHC impedance is about a factor of 2—-3 higher than the HL-LHC
impedance, due to the changes in the beamscreen. At 1.3 TeV the HE-LHC impedance
is even larger because of the tighter collimator gaps assumed here (Tab. 2.11).

Figure 2.36 shows the relative contributions to the real and imaginary impedance
at an injection energy of 450 GeV, as a function of frequency. Over a wide range of
frequencies, the resistive wall effect of the collimators and of the beamscreen are the
two main contributors to the overall impedance. At 1.3 TeV, the collimators alone
are the dominant contributors to the impedance, due to their tighter settings, as is
illustrated in Figure 2.37.
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Fig. 2.37. Fractional contribution to real (left) and imaginary part (right) of the HE-LHC
transverse impedance at 1.3 TeV, as a function of frequency [86].

Figure 2.35 (right) shows the total transverse impedance as a function of frequency
at top energy. Here the impedance is higher still because of the even tighter collimator
gaps. Operation with tight collimator gaps is being tested in beam studies at the
LHC [90]. Figure 2.38 presents the relative contributions to the top energy impedance.
The collimators dominate the impedance over the entire frequency range.

2.4.13 Single-beam coherent instabilities

In general, the transverse impedance drives both single and coupled-bunch beam
instabilities. In the LHC the beam is stabilised by a combination of the transverse
feedback system, chromaticity settings and Landau octupoles. The stability limits
can be explored with a Vlasov solver, such as the Nested Head-Tail (NHT) Vlasov
solver [91] or DELPHI [92]; the results of the two codes are consistent. The codes
compute coherent intra-bunch and coupled-bunch impedance-driven modes, neglect-
ing the effect of space charge. Different modes are assumed to be independent and a
weak head-tail approximation is used to estimate the amount of octupole detuning
required to provide Landau damping of the unstable modes.
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Fig. 2.38. Fractional contribution to real (left) and imaginary part (right) of the HE-LHC
transverse impedance at top energy (13.5 TeV), as a function of frequency [86].

The chromaticity is scanned in the range —20 < @’ < 20, the bunch intensity N,
from 0 to 10'? protons per bunch and the damping rate between 0 and 1/25 turn™?.
For the purpose of this study the damper gain g and the coherent mode shift Aw
are defined in units normalised to the angular synchrotron frequency wgs. The three
injection energies were studied, as well as the top energy of 13.5 TeV. The key beam
and machine parameters are listed in Tables 2.1, 2.6, and 2.7.

Figure 2.39 (left) shows the instability growth rates computed at injection energy
as a function of chromaticity and damper gain at 450 GeV (top) and 1.3 TeV (bot-
tom). For the 450 GeV injection energy the damping time has to be 50 turns or
smaller to ensure beam stability at the nominal intensity. For a 50-turn damper gain
the safety margin in intensity is less than a factor of two (Fig. 2.39, top right). The
stability region is wider for a higher injection energy. For 1.3 TeV, the damper gain
has to be 75-turn or stronger at the nominal intensity (Fig. 2.39, bottom right) and
for a 50-turn damper the safety margin in beam intensity is again slightly less than
a factor of two.

The small intensity margin can be explained by the effect of the coupled-bunch
modes, which lowers the single bunch instability threshold (see, e.g., [93]). For a
single bunch at an energy of 450 GeV the threshold of the transverse mode-coupling
instability (TMCI) is around 7 x 10! protons per bunch. Including coupled-bunch
motion lowers the intensity threshold by a factor of nearly two to around 4 x 10'!.
Nevertheless, the TMCI threshold in the coupled bunch case is about two times
higher than the design bunch intensity. Thus, for all injection energy options studied,
a negligible amount of octupole detuning is needed to stabilise the unstable modes
by Landau damping, provided that there is a sufficiently high damper gain.

Since the collimators are brought closer to the beam at higher energies to fol-
low its shrinking physical size, the impedance reaches its maximum at top energy
(Fig. 2.38). Here, a significant amount of octupole detuning is required to stabilise
the beam. Figure 2.40 illustrates the effect of chromaticity and damper gain on the
instability growth rate at the top energy. In order to stabilise the beam, around
2000 A of negative polarity would be required for the present LHC octupole system,
which is only capable of delivering 550 A. In HE-LHC, passive damping of coupled-
bunch modes at top energy [82] will be ensured by FCC-type octupole magnets (264
units per ring, each 0.32m long, with a maximum gradient of 220000 T/m?). The
resulting total effective octupole strength is about 3.4 times larger than for the Lan-
dau octupoles in the LHC [95], bringing the stabilising octupole currents required
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as a function @’ and N, with a 50-turn damper (right) for different injection energies [94].
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Fig. 2.40. Growth rate of the most unstable mode Im Aw/w; at top energy as a function
of chromaticity and damper gain (left) and the corresponding octupole current, required to
stabilise the mode with the HL-LHC octupole system (right), considering £ = 13.5TeV,
2748 bunches of 2.2 x 10'* protons each, a Gaussian beam profile, ey =2.0 um, and the
HL-LHC octupole system with negative polarity [94].

close to the levels of LHC and HL-LHC. Alternative passive damping mechanisms
are also under study, such as the possibility of using electron lenses [96]. In this
configuration, an electron lens powered with a current of about 350 mA will easily
stabilise coupled-bunch modes over the chromaticity range —5.6 < @’ < 20 with an
ADT gain of 50 turns.

2.4.14 Electron cloud

The build-up of electron clouds may lead to coherent beam instabilities, through
the interaction between the beam and the electrons. The effect of two proposed
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beamscreen options on electron-cloud build-up in the arc dipoles with a field of 16 T
has been studied. The two beamscreen designs are:

— An LHC-type beamscreen with a sawtooth structure in the synchrotron radiation
impact area for reduced photon reflection [97] with half apertures scaled to 14
and 19mm in the vertical and horizontal planes, respectively.

— The FCC-hh type beamscreen with antechambers for the synchrotron radiation
and shielding of the pumping slots [98,99].

Photo-electrons produced by the impact of synchrotron radiation can play an
important role in seeding the cloud build-up [100]. Their effect could be even greater
in the HE-LHC, where the number of synchrotron photons produced would be nearly
four times that of the present LHC and, moreover, a larger fraction of the photons
would have an energy above the work function of copper and could produce photo-
electrons.

In the HE-LHC dipoles, where the magnetic field lines confine the electron cloud
build-up to vertical stripes around the beam, it is mainly the photo-electrons pro-
duced at the top and bottom of the beamscreen that can contribute to the build-up.
The transverse distributions of absorbed photons in the arcs have been simulated
with the SynRad3D code [101] for both beamscreen options [34]. The fraction of
photons absorbed on the top and bottom of the beamscreen corresponds to less than
one percent of the total number of absorbed photons for both beamscreen options.
For the FCC-type beamscreen the fraction is roughly a factor of ten smaller than for
the LHC-type beamscreen. The number of photo-electrons depends on the photoe-
mission yield of the absorbed photons and in the absence of an experimental estimate
of this yield, the number of absorbed photons can be used as an upper limit for the
number of photo-electrons.

Electron cloud build-up simulations with photo-electron seeding were used to
assess the effect of the beamscreen design. The resulting central electron densities as
a function of the secondary electron yield (SEY) of the chamber surface are shown
in Figure 2.41. The threshold electron density for inducing single-bunch instabilities
has been estimated from both analytical calculations [102] and from beam dynam-
ics simulations to be around 102 m~3 at flat top energy [103], assuming that the
electron cloud is distributed over the entire ring. For typical SEY values, the simu-
lated electron density lies below the instability threshold for both chamber options.
However, the FCC beamscreen has a lower density, as a result of the lower photo-
electron seeding. The heat load produced by the electron cloud, shown on the left in
Figure 2.41, is lower for the FCC beamscreen.

Electron cloud build-up has been studied for the preferred beamscreen (FCC-
type) in the main arc dipoles and in the arc quadrupoles, at both injection energy
(in this case for an elevated energy of 1.3TeV) and at flat-top energy with dipole
and quadrupole fields of 16 T and 220 T /m, respectively. The actual arc quadrupole
gradients at top energy are 336-352T/m; the lower field gradient corresponds to a
pessimistic scenario. In addition to the nominal beam parameters, two alternative
beam options with lower pile-up were considered: namely a beam with 12.5 ns bunch
spacing, a bunch intensity of 1.1 x 10! protons and normalised transverse emittance
of 1.25ym and a beam with 5ns bunch spacing, bunch intensity 0.5 x 10! and
normalised transverse emittance of 0.5 um. The estimated central densities for these
three beam options at 1.3 TeV are displayed in Figure 2.42. At injection, the beam is
more prone to instabilities. For an injection energy of 450 GeV, the threshold electron
density for single-bunch instability has been estimated to be at about 10** m=3 [103].
For a beam energy of 1.3 TeV, the threshold will only be slightly higher [103]. Taking
into account that dipoles and quadrupoles cover around 80% and less than 10% of
the machine circumference, respectively, the nominal beam option could suffer from
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function of peak secondary emission yield (SEY), for the scaled LHC beamscreen and the
FCC beamscreen. The single-bunch instability threshold is expected to be at 10*2 m™3.
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Fig. 2.42. Simulated central electron density as a function of peak secondary emission
yield (SEY) at an injection energy of 1.3 TeV for three different beam options in arc dipoles
(left) and arc quadrupoles (right). The densities in the dipole should be multiplied with a
factor ~0.8 and the ones in the quadrupole with ~0.1, to compare them with the expected
single-bunch instability threshold of about 10'* m=3.

electron cloud induced instabilities if the SEY of the surface is above 1.4. Suppressing
the electron cloud build-up with a low-SEY surface treatment, such as an amorphous
carbon coating or laser processing, would efficiently mitigate the occurrence of such
instabilities. For the 12.5ns beam option, electron densities above the threshold can
be avoided by keeping the SEY at 1.1 or below, which is quite challenging. With
the 5ns beam, densities above the threshold can even build up for lower values of
the SEY — this beam can only be a viable option for the machine with a surface
treatment that guarantees an SEY no larger than unity.

Since electron cloud effects do not necessarily scale linearly with the bunch inten-
sity, their evolution can change with the burn-off from luminosity production during
a fill. This effect has been estimated with build-up studies, for decreasing bunch
intensity and emittance. The central densities for the corresponding bunch intensi-
ties in dipoles and quadrupoles are shown in Figure 2.43. Only a mild dependence
with intensity can be seen in dipoles whereas in the quadrupoles, the multipacting
threshold is seen to decrease and the central density to increase with decreasing
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Fig. 2.43. Central electron densities as a function of the SEY for the nominal beam at
top energy with decreasing bunch intensity and emittance in arc dipoles (left) and arc
quadrupoles (right).

bunch intensity. In the absence of a surface treatment, instabilities could occur due
to this effect during fills. However, a low-SEY surface treatment would be sufficient
to prevent build-up even for lower bunch intensities.

The decrease of the electron multipacting threshold in the quadrupoles at lower
bunch intensity is explained by the associated change in the energy spectrum of
electrons hitting the wall, along with the non-monotonic energy dependence of the
secondary emission yield. In dipole magnets, changing the bunch intensity shifts
the horizontal location of the characteristic electron stripes, which form in the region
where the effective secondary emission yield is maximum. In quadrupoles, the dynam-
ics is more complex, but several simulations predict that higher bunch intensities lead
to a suppression of multipacting, in particular at low SEY. This suppression of elec-
tron cloud at higher bunch intensity is an important feature also for the HL-LHC.
The prediction of the simulations will be benchmarked against measurements as soon
as bunches of sufficiently high intensity can be injected into the LHC, after the LHC
Injector Upgrade in 2020.

2.5 Operation and performance

The longitudinal emittance needs to be kept constant by using controlled noise exci-
tation during the physics store, in order to maintain longitudinal Landau damping.
The transverse emittance shrinks due to the strong radiation damping, while the pro-
ton intensity rapidly decreases as the result of the high luminosity. At the HE-LHC
the proton burn-off time is slightly shorter than the radiation damping time. This
situation is qualitatively different from the LHC (negligible radiation damping), HL-
LHC (negligible radiation damping and luminosity levelling) and FCC-hh (radiation
damping faster than proton burn-off, requiring transverse noise excitation to control
beam—beam tune shift or pile-up). The luminosity optimisation for these machines
is discussed in [9]. For the HE-LHC, there is almost a natural levelling, while the
beam—beam tune shift decreases during the store as the intensity drops.

Following a derivation similar to those in [9], the integrated luminosity per inter-
action point (IP) at time ¢ during the fill is

/tL(t)dt_fMaOm)T 1— 1 . (2.2)
0 - dmeofi, B 1— B+ Bexp(t/7) '
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Fig. 2.44. Instantaneous luminosity, pile-up, bunch population, normalised transverse emit-
tance, total beam—beam tune shift, and integrated luminosity as a function of time during
24 h, for the HE-LHC for 100% machine availability.

The optimum run time ¢, op¢ then follows from

[(1—B)exp(—t,/7)+ (2B —1) = Bexp (t,/7) + t /7 + tia/T]; . 0, (2.3)

=tr,opt
with
T0tNIP frev No,0T
*
471'/61,7!50

B= (2.4)

Here, ti, denotes the average turnaround time, € the initial geometric rms emit-
tance, Ny o the initial bunch population, fiey the revolution frequency, nip the number
of high-luminosity collision points, o, the total cross section, and 7 the transverse
emittance damping time.

Figure 2.44 shows the evolution of peak luminosity, pile-up, bunch intensity, trans-
verse normalised emittance, total head-on beam—beam tune shift and integrated lumi-
nosity over 24h for 100% availability, without any levelling, just holding the bunch
length constant.

The typical optimum run time of HE-LHC is about 5 h. This figure appears attain-
able in view of the LHC experience, and given a planned HE-LHC ramp-up time of
about 20 min. For comparison, the actual average turnaround time of the LHC in 2017
was about 5h (not counting technical faults, which would enter in the availability



HE-LHC: The High-Energy Large Hadron Collider 1187

annual luminosity [fb’]

800 -

400+ -

200 -

0 2 4 6 8 10
turnaround time [h]

Fig. 2.45. Average annual luminosity versus average turnaround time for the HE-LHC,
assuming 70% machine availability and 160 calendar days scheduled for physics operation
per year.

figure), while the design average turnaround time for the HL-LHC is 4 h, and for the
FCC-hh 5 (initially) and 4 h (baseline). The HE-LHC turnaround time should not be
much longer than 5h. Otherwise the integrated luminosity performance significantly
decreases, as is illustrated in Figure 2.45.

2.5.1 Levelling at constant IP divergence

As the transverse beam size shrinks due to radiation damping, the IP beta function
ey could be further reduced, in proportion to the shrinking emittance, while keeping
the IP divergence, the normalised long-range beam-beam separation and the physical
aperture in the final triplet constant. Such a levelling scenario and the corresponding
performance is illustrated in Figure 2.46 and summarised in Table 2.12.

The instantaneous luminosity increases slightly until the maximum is reached
after 0.61h or 0.33h for the 27TeV and the 26 TeV option, respectively. At the
end of the fill the instantaneous luminosity has decayed to 5.8 x 1034 cm~2s~! and
5.5 x 103*cm™2s7!. The number of events decreases from 425 at the start to 166
at 27 TeV, and from 410 to 160 at 26 TeV. The pile-up shows a behaviour identical
to the instantaneous luminosity. In particular, the peak of the pile-up coincides with
the peak of the instantaneous luminosity. The pile-up reaches maxima of 435 and
415 events per bunch crossing, respectively. During operation at 27 TeV, about 3.35
collisions per mm and about 980 collisions perns occur at the start of the fill and
the peak values of the pile-up densities are 3.48 collisions per mm and 1010 collisions
perns. In case of colliding at 26 TeV, 3.22 collisions per mm and 945 collisions per ns
take place initially. At its maximum the pile-up densities reach 3.27 collisions per mm
and 955 collisions per ns.

The value of 3} , is computed at every step to compensate for the decreased nor-
malised emittance. Therefore, these two parameters show identical behaviour. The
initial #* decreases from 45cm to about 13 cm. The horizontal and vertical emit-
tances decay from initial 2.5 um in both planes to about 1.0 ym horizontally and
to about 0.7 um vertically. Using an ATS scheme a minimum #* of about 15cm
seems feasible, which is about 2cm greater than the minimum 3* reached in these
simulations. Improved simulations will be required in order to avoid falling below
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Fig. 2.46. HE-LHC luminosity levelling at constant beam divergence at collision energies
of 27 TeV (blue line) and 26 TeV (orange line).

this limit. The number of intermediate optics sets required at 27 and 26 TeV col-
lision energy is 160 and 155, respectively, and accurate commissioning of over 100
optics may be a challenge. In the case of 27 TeV collision energy with a fill time
of 4.99h and 160 different 5* values, one can conclude that the optics needs to
be changed every 2min. Alternatively one could make larger steps and use each of
the (remaining) fewer intermediate optics over a longer period of time. The beam—
beam parameter does not increase significantly over the fill. It does not exceed
1.1 x 1072 per interaction point and is therefore in the order of the maximum
acceptable beam-beam tune shift of 1.0 x 1072 to 1.5 x 1072 per interaction
point [104-106].

The main benefit of this mode of operation is the possibility of harvesting a
higher integrated luminosity while keeping a constant crossing angle and a constant
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Table 2.12. Initial (I) and final (F) performance parameters for constant IP divergence at
27 and 26 TeV.

. 27 TeV 26 TeV
Parameter Unit T 7 T 7
L 103 em 2571 15 5.8 14 5.5
Ling fb=ty~! — 590 — 570
ppb 10" 2.2 0.44 2.2 0.46
ik cm 45 12 45 13
LR cm 5.0 4.0 5.0 4.1
BB-LR o 16.795 16.795 16.485 16.485
I — 425 166 410 160
0s mm~* 3.35 1.69 3.22 1.56
0t 100ns~* 980 420 945 395
€ pm 2.5 0.9 2.5 1.0
€y pam 2.5 0.6 2.5 0.7
tan h 4.99 5.27

long-range beam—beam separation in units of o. With respect to the baseline scenarios
the integrated luminosity is increased by 25% for both collision energies.

The potential impact that design changes driven by such considerations would
have on operation and production can be evaluated with accelerator availability mod-
elling based on Monte Carlo simulations [107]. These analyses allow the integrated
luminosity for different operating scenarios to be predicted and the availability bud-
gets for individual systems to be derived and these can then be used as input to their
design. Such models should be maintained and updated as the machine design evolves.
The aim should globally optimise the machine design while taking into account con-
straints like costs and technical feasibility of the different options. An approach for
collider availability modelling has been established for these analyses [108,109].

2.6 Heavy ion operation

It is assumed that HE-LHC will use the same Pb beams as the HL-LHC, in terms of
charge and normalised emittance. In the high-luminosity burn-off regime, the inte-
grated luminosity per fill is given by the ratio of the total number of Pb nuclei in one
beam to the total cross section, Npy,/otot. For only 2 experiments taking luminos-
ity (rather than 3 or 4 at HL-LHC), at roughly twice the energy, one can estimate
that the Pb—Pb integrated luminosity per experiment would be about a factor of 2-3
better than for HL-LHC because of the higher energy, fast radiation damping and
shorter fills. The expected integrated luminosity then amounts to around 10 nb~! per
one-month run. The peak luminosity could be well over 2 x 102% cm™2 71, but would
probably be levelled to something lower. For p—Pb collisions a similar rough scaling
would lead to integrated luminosities of order 2 pb~! per one-month run and a peak
luminosity around 2 x 103%cm=2s~!. These values fall between those for HL-LHC
and FCC-hh.

Heavy-ion operation of the HE-LHC will also have more power than HL-LHC in
the losses from bound-free pair production and electromagnetic nuclear dissociation.
A first analysis of the locations of these losses [110] indicates that the solutions
adopted for LHC could also be applied to the HE-LHC. Indeed space has already
been allocated for collimators in the HE-LHC dispersion suppressors close to the
interaction points (Sect. 2.4.6). Such a solution, compatible with ion beam operation,
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must be included in the layout and implemented from the beginning in HE-LHC.
As shown in Section 2.4.6, the DS collimators are also beneficial, if not essential,
for proton operation. Without these collimators, heavy-ion operation should still be
possible if it is limited to species with lower Z than Pb (which could also provide
higher nucleon-nucleon luminosity). Asymmetric collisions, such as p—Pb, would not
be affected in this way.

2.7 Lepton—Hadron operation

Lepton-proton collisions can be achieved by colliding protons circulating in the
HE-LHC with a 60GeV polarised electron beam [111]. This option is known as
the High-Energy Large Hadron electron Collider (HE-LHeC). The electron beam
would be provided by a dedicated 3-pass recirculating energy-recovery linac (ERL),
similar or identical to the configuration of the LHC-based LHeC machine [112], as
is illustrated in Figure 2.47. This machine is not in the (HE-)LHC tunnel and so
it minimises any interference with the main hadron beam infrastructure. To a large
extent the electron accelerator may be built independently from the operation of
the proton machine. For HE-LHC this ERL may already exist, and may need to be
upgraded, if the LHeC is built in the 2030’s.

The same ERL machine could be used for the LHeC in combination with the
HL-LHC, for the HE-LHeC and later on for the FCC-eh, presenting a potential large
return on the initial investment. Furthermore, in periods without hadron beams, the
recirculating electron linac of the LHeC could be configured as a photon-collider Higgs
factory, “SAPPHIRE” [113,114], as a driver for the world’s most powerful X-ray Free
Electron Laser (FEL) [115] or as a 45-80 GeV injector for the FCC-ee and/or the
FCC-e booster synchrotron [116].

The energy chosen (60 GeV) leads to a circumference of the electron racetrack
of 8.9km. This length is a fraction 1/n of the HE-LHC circumference with n = 3,
which is required to match the bunch patterns. This particular circumference was
chosen following a cost optimisation, looking at the fraction of the circumference in
the straights covered by superconducting RF versus the fraction in the return arcs.

It appears possible to locate the LHeC electron beam tangentially to the HE-LHC,
on its inside, for eh collisions at IP2.

In a simplified model, the luminosity L of the HE-LLHeC is given by

L= ]\Zfi\ﬁ/v:;gzp . ngome—bHcolh (25)
where, N, is the number of protons per bunch and €, and 3, are the proton emit-
tance and beta-functions. It is assumed that the proton beam parameters N, and
€p are governed by the main experiments that collide protons on protons because
the baseline is for concurrent ep and pp operation. For the proton S-function in the
ep collision point a challenging target value of 3, = 15cm is assumed. This may
be achievable because only one proton beam needs to be focussed, which is a sim-
plification compared to the pp case. The bunch frequency, denoted by f = 1/A, is
40 MHz for the default bunch spacing of A = 25ns. N, is the number of electrons
per bunch which determines the electron current I, = eN.f. The electron current
for HE-LHC is assumed to be I, = 20mA, a slight increase compared to the 15 mA
assumed for the LHeC in the HL-LHC phase and triple the value of 6.4 mA defined
in the LHeC CDR. A value of 20mA has already been surpassed with DC photo-
cathodes. This intensity will produce a total synchrotron radiation power of about
40 MW in the return arcs. To compensate this power loss from the beam, a grid
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Fig. 2.47. Schematic view of the default (HE-)LHeC configuration [112]. Each SC linac
consisting of 60 cavity-cryo-modules accelerates the beam by 10 GeV, which leads to an elec-
tron energy of 60 GeV at the interaction point after three passes through the diametrically
opposed linac structures. The arc radius is about 1km. The beam is decelerated to recover
the beam power after passing through the IP.

power of the order of 656 MW may be required. Since, however, a cavity has to with-
stand six times I, due to the acceleration and deceleration over three turns each, the
choice of I, should not to be too large. The numbers for the electron current quoted
hold for unpolarised electron beams. One may currently expect a polarised electron
source to provide half of that current. R&D efforts like those ongoing at MESA in
Germany, for example, aim to reach the LHeC/FCC-eh target intensity. In order to
achieve luminosities of order 1033 cm~=2s~! with positrons, significant developments
are required. For positrons, dedicated operation at very high luminosity may be a
particularly attractive option as the loss in lepton intensity is compensated by a gain
in proton intensity and operational performance as indicated below.

The factors Hgeom, Hp—p and Heon are geometric correction factors with values
typically close to unity. Hgeom is the reduction of the luminosity due to the hourglass
effect, Hy,_; is the increase of the luminosity by the strong attractive beam—beam
forces and H.) is a factor that takes the filling patterns of the electron and proton
beams into account. Estimates for these parameters are shown in Table 2.13. Unless
discussed above, further parameters used for the four ep collider configurations con-
sidered can be found (i) for the LHeC as evaluated in its conceptional design in [112],
(ii) for the high luminosity version of the LHeC in references [30,117,118], (iii) for the
energy doubler of the LHC, the HE-LHC in [119,120] and for the FCC-he in [119,120).
One observes that, compared to the CDR of the LHeC from 2012, it seems possible
to achieve peak luminosities near to or larger than 1034 cm=2s~!, which makes these
future ep colliders efficient machines for the study of new physics at the accelerator
energy frontier.

Table 2.13 summarises the current choices of the parameters for the energy fron-
tier ep collider configurations at CERN, including HE-LHeC. All are based on the
racetrack, multi-turn ERL as the electron accelerator and in each case it is assumed
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Table 2.13. Baseline parameters and estimated peak luminosities of future ep collider
configurations based on an electron ERL, esp. HE-LHeC, when used in concurrent ep and
pp operation mode [111].

Parameter (unit) LHeC CDR | ep at HL-LHC | ep at HE-LHC | FCC-he
E, (TeV) 7 7 13.5 50
E. (GeV) 60 60 60 60
V5 (TeV) 1.3 1.3 1.7 3.5
Bunch spacing (ns) 25 25 25 25
Protons per bunch (10'!) 1.7 2.2 2.5 1
vep (pm) 3.7 2 2.5 2.2
Electrons per bunch (10°) 1 2.3 3.0 3.0
Electron current (mA) 6.4 15 20 20
IP beta function 3, (cm) 10 7 10 15
Hourglass factor Hgeom 0.9 0.9 0.9 0.9
Pinch factor Hy_p 1.3 1.3 1.3 1.3
Proton filling Heon 0.8 0.8 0.8 0.8
Luminosity (10%3cm™2s71) 1 8 12 15

Table 2.14. Baseline parameters of future electron—ion collider configurations based on the
electron ERL, in concurrent eA and AA operation mode [111].

Parameter (unit) LHeC (HL-LHC) eA at HE-LHC FCC-he
Epy, (PeV) 0.574 1.03 4.1
E. (GeV) 60 60 60
V/Sen electron—nucleon (TeV) 0.8 1.1 2.2
Bunch spacing (ns) 50 50 100
No. of bunches 1200 1200 2072
Tons per bunch (10%) 1.8 1.8 1.8
yea (pm) 1.5 1.0 0.9
Electrons per bunch (10%) 4.67 6.2 12.5
Electron current (mA) 15 20 20
IP beta function 3} (cm) 7 10 15
Hourglass factor Hgeom 0.9 0.9 0.9
Pinch factor Hy_p 1.3 1.3 1.3
Bunch filling Heon 0.8 0.8 0.8
Luminosity (10%2 cm™2s71) 7 18 54

that ep and pp are operated at the same time. The ERL technology is under intense
development worldwide and a design concept is about to be published [121], present-
ing the main choices for the ERL configuration which is the base for the ep colliders
mentioned here. A total integrated luminosity of the order of 1ab~! appears to be
a realistic, ultimate goal for a decade of operation with HE-LHeC. An interesting
option is the possibility of achieving luminosities of ~103° cm=2s~! in dedicated ep
operation with the enhanced proton beam lifetime resulting from the absence of pp
collisions.

There could be an interest in dedicated ep operation to profit from possible sig-
nificant gains in the instantaneous and integrated luminosity performance: first esti-
mates indicate tenfold higher proton beam brightness and a reduced (-function, by
perhaps a factor of two, with only one beam present and squeezed and with fewer
aperture constraints. A factor of two may also be obtained from the much enhanced
efficiency of operation in dedicated mode, mainly because the proton beam lifetime
would be hugely increased without pp collisions, which leads to 7, < 5h. Therefore,
dedicated ep runs could typically be a day long and overall, in dedicated mode, lumi-
nosities in excess of around 103° cm~2s~! appear to be realistic. An integrated annual
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luminosity of 1ab~! would be possible to achieve. Such a scenario could be specially
relevant for taking a large amount of positron-proton data in a short period of oper-
ation, since the et currents will be one or even two orders of magnitude lower than
the e™ currents.

The heavy ion beams that the CERN injector complex can provide to the HE-LHC
also are a unique basis for high energy, high luminosity deep inelastic electron—ion
scattering physics. Combining the intense beams of 2°8Pb%?" nuclei that have to be
provided for HL-LHC and HE-LHC, with the default 60 GeV electron ERL, yields
the eA parameter set of Table 2.14.

Radiation damping of Pb beams in the hadron rings is about twice as fast as for
protons and can be fully exploited. For the HE-LHC and FCC-hh cases, the emittance
values in Table 2.14 are estimates of the effective average values during a fill in which
Pb-Pb collisions are being provided at one other interaction point [122].

3 Collider technical systems
3.1 Overview

Many of the LHC systems can be reproduced or reused for the HE-LHC. This section
presents details of those technical systems which require particular attention and sub-
stantial R&D efforts: higher-field magnets, suitably modified cryogenics, RF, beam
transfer from a possibly new superconducting SPS, the beam-vacuum system adapted
for the much enhanced synchrotron radiation, magnet powering, beam diagnostics,
etc. The section also addresses the radiation environment in which the various sys-
tems will have to perform.

3.2 Main magnet system
3.2.1 Introduction

The magnetic system of the HE-LHC will profit a great deal from the experience
gained with the LHC, which has demonstrated the feasibility and effectiveness of
operating a large number of superconducting magnets cooled by superfluid helium
at 1.9 K. The number of HE-LHC magnets will be about the same as those of the
LHC, but the field amplitude produced by the arc dipoles will be increased by almost
a factor of two, whilst maintaining a similar beam aperture and twin configuration.
The field increase will be enabled by using Nb3Sn superconductor instead of the
Nb-Ti used in the LHC arc dipoles. With respect to the conductor properties, the
HE-LHC magnets will operate in a similar condition as the LHC magnets, with 14%
of margin on the load line and at about 60% of the maximum upper critical field
Beog- It is believed that with an appropriate R&D programme and if all magnets are
cold tested before installation, this margin will be sufficient to achieve the nominal
energy of the HE-LHC with limited magnet training. This technology, though not
yet used in particle colliders, is being implemented for dipoles and quadrupoles of
the HL-LHC project, where they will be operating at peak fields of between 11 and
12T. It is estimated that this technology will be ready to start mass production of
16 T magnets within a decade from the manufacture of a first long model.

3.2.2 Superconducting main dipole

The main dipoles (MD) of the HE-LHC are twin-aperture magnets of cosine-theta
layout assembled in a helium-tight cold mass (CM) structure, integrated in a cryostat:
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Fig. 3.1. Main dipole magnet cross section.
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Fig. 3.2. 3D view of main dipole magnet cold mass assembly.

a cross section of the system is presented in Figure 3.1 and a 3D of the assembly is
shown in Figure 3.2.

Unlike for the FCC-hh, the cold mass for the HE-LHC main dipole must be curved
with a bending radius of about 2 800 m, with a sagitta of 9 mm, or a deviation from
a straight line of 3.5 cm over about 14 m. The HE-LHC main dipole cold mass has a
magnetic length of 13.73 m for the 23 x 90 optics and 13.94 m for the 18 x 90 optics,
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Table 3.1. Main dipole parameters, for the 23 x 90 optics at 12.9 TeV, and the 18 x 90
optics at 13.5 TeV beam energy.

Item Unit Value
Number of units 1,232 (23 x 90),
1,280 (18 x 90)
Operating field T 16.0 (23 x 90),
15.82 (18 x 90)
Coil physical aperture mm 50.0
Operating current A 11390
Operating temperature K 1.9
Magnetic length @ 1.9 K mm 13,730 (23 x 90),
13,940 (18 x 90)
Stored energy at 16 T (entire magnet) MJ 36
Self-inductance at 16 T (entire magnet) mH 560
Field margin on the load line at 16 T % 14
Magnetisation losses (two apertures) over a full excitation cycle kJ/m 5
Distance between aperture axes at 1.9 K mm 250
Number of coil turns per aperture 200
Surface of conductor (2 apertures) cm? 131
Cold mass length beam pipe flange-to-flange at 1.9 K m 15.8
Mass of the cold mass t 54
Mass of the cryostat t 6
Geometric field harmonics bs,bs,bs, bs units 3.7, —2.4, 1.0, 0.3
Contribution of persistent currents ba,bs,bs, bs at 1.3 TeV units 1.1, —13.8, —0.1, 3.0
Contribution of persistent currents ba,bs,bs, bs at 900 GeV units 1.9, —22.5, —0.2, 4.8
Contribution of persistent currents ba,bs,bs, bs at 450 GeV units 4.1, —48.4, —0.3, 12.0
Contribution of saturation ba,bs,bs, bs units —-3.7, 2.5, —0.6, —0.1
Total field harmonics bs,bs,bs, bs at 1.3 TeV injection (1.54T) units 4.8, —16.2, 0.9, 3.2
Total field harmonics bs,bs,bs, bs at 900 GeV injection (1.07T) units 5.6, —24.9, —0.2, 4.8
Total field harmonics bs,bgs,bs, bs at 450 GeV injection (0,53 T) units 7.8, —50.8, 0.6, 12.3
Total field harmonics bs,bs,bs, bs at nominal field (16 T) units 0.025, 0.11, 0.31, 0.18
Random harmonics ba,bs,bs, bs units 0.93, 0.67, 0.47, 0.28
Random harmonics (skew) az,as,aq, as units 1.1, 0.75, 0.48, 0.33

resulting in a total length between the two extermities of the beam pipe flanges of
15.46 m and 15.67 m respectively. The cold mass external diameter is 800 mm. It is
installed in a cryostat structure composed of a radiation shield, a thermal screen and
a vacuum vessel. It is supported on three feet made from a composite material and
there is a flange bolted to the vacuum vessel. All parts between the beam pipe and the
shrinking cylinder, which defines the outer envelope of the cold mass, are immersed
in superfluid helium at atmospheric pressure and cooled by a heat-exchanger tube, in
which two-phase low-pressure helium circulates. The next temperature stage is that
of the beamscreen, cooled at a reference temperature of 50 K, which also corresponds
to the temperature level for cooling the thermal screen and the support posts. The
fact that the additional intermediate temperature level used in the LHC, in the range
between 4 to 20 K is missing, results in larger static losses from the cold mass and
the support posts than in the LHC. The total heat loads of a cryodipole operating in
steady state mode are estimated to be about 0.5 W/m at 1.9K and about 10 W/m
at 50 K. The target losses during a full cycle from nominal field, down to injection
and up to nominal field again, which mainly come from the magnetisation of the
superconductor, are set to 5kJ/m at 1.9K for the two apertures. The operating
field of 16 T is generated by a current of 11390 A in a coil which has a physical
aperture of 50 mm and the distance between the axis of the two apertures is 250 mm.
The magnet design is described in [123]. The main parameters of the main dipole
magnet, including the expected field quality, are listed in Table 3.1.
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Fig. 3.3. Conductor distribution and field amplitude in the coil (one quarter of the
aperture).

Each main dipole aperture has 200 cable turns distributed in one upper and one
lower pole, and each pole comprises two double layer (inner and outer) coils. Since
the magnetic flux density varies considerably in the coil (it is much higher in the
inner than in the outer pole), the design exploits the principle of grading (see below).
The inner pole comprises 32 turns of a 0.5° keystoned Rutherford cable, made from
22 strands of 1.1 mm diameter, the outer pole has 68 turns of a 0.5° keystoned
Rutherford cable, made from 37 strands of 0.7mm diameter (see Tab. 3.2). The
conductor distribution and the field amplitude in the coil is shown in Figure 3.3,
where one quarter of an aperture is pictured. The coil cross section is asymmetric,
to compensate the quadrupole component of the magnetic field coming from the
interaction between the two magnet apertures.

The current density in the outer coil is larger than that in the inner coil because
the two coils are connected in series and the cable in the inner layers has a larger
conductor area than that in the outer layers. This design exploits the so-called grading
concept, which consists of increasing the current density where the magnet field is
lower, resulting in a considerable saving of conductor for a given margin on the
load line, which for the HE-LHC MD has been set to 14%. The structure is based
on the so-called key and bladders concept together with the use of an aluminium
cylinder surrounded by a stainless steel welded shell. The aluminium shell provides
the increase of coil loading required from assembly to the operational temperature
and during magnet powering. The stainless shell, as well as adding stiffness to the
structure, provides helium tightness, alignment fiducials and support for the magnet
end covers. The CM assembly and its main components are shown in Figure 3.4.

The field distribution in the magnet cross section for a central field in the magnet
aperture of 16T is shown on the left side of Figure 3.5, and the von Mises stress
distribution in the structure at the same field of 16 T is shown on the right side of
the same picture. The detail of the stress distribution in the coil cross section is
shown in Figure 3.6. It can be seen on the electromagnetic section that the ferromag-
netic yoke is saturated which produces a stray field of about 0.1 T at the boundary
of a non-magnetic cryostat. Structurally, the coil remains entirely under azimuthal
compression (with a minimum pressure of 6 MPa) up to the 16 T field amplitude. In
these conditions the peak stress on the coil does not exceed 180 MPa. The stress in
the other part of the structure remains well below the limits of the components of
the magnet.

Prior to installation in the tunnel, each magnet will be cold tested. Depending
on its training performance, the magnet may also be submitted to a thermal cycle to
confirm that, once installed, the magnet can be powered up to nominal field without
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experiencing training quenches. As was successfully done for the LHC, a warm-cold
magnet measurement correlation will be established, based on the statistics from
pre-series magnets. All series magnets will be magnetically measured warm and only
a small percentage of them also measured at operating (cryogenic) temperatures.

3.2.3 Field quality

The field error naming convention follows the one adopted for the LHC [124]. The
systematic field error values are deterministic and computed with ROXIE: they com-
prise a geometric contribution, a contribution coming from persistent currents and
the effect of saturation of the ferromagnetic yoke. The contribution from the persis-
tent currents [125] has been computed using the conductor parameters of Table 3.3
and assuming that artificial pinning, which allows the critical current (thus the mag-
netisation) at low fields to be reduced, has been implemented. Considering that it is
very unlikely that a perfect point pinning can be achieved, the contribution reported
in Table 3.1 has been obtained assuming 50% of perfect point pinning. The random
values are due to the spread of the geometric and persistent current contributions.
The geometric random errors have been determined by means of Monte-Carlo simula-
tions which include a random displacement of the coil blocks with a root-mean-square
(RMS) amplitude d = 50 um. The uncertainty errors are linked to the production
line, at this stage it is assumed, as was done for HL-LHC, that there is uniform
production and therefore the uncertainties are equal to the random values. Further
optimisation is on-going to passively correct the bz error from persistent currents
by using iron shims. The yoke shape will also be further optimised to minimise the
saturation effects.

3.2.4 Magnet protection

The magnet and its protection system are conceived to limit the hot spot temperature
to below 350K in case of a quench and the peak voltage to ground in the coil below
2.5kV. This voltage limit comprises up to 1.2kV due to the quench evolution in the
magnet itself and up to 1.3kV from the circuit. The protection system can be based
on the coupling-loss-induced quench method (CLIQ), on quench heaters alone or on a
combination of both. On paper all options effectively protect the magnets within the
above limits [126]. Experiments on HE-LHC models and prototypes will demonstrate
if, in real conditions, CLIQ can be implemented with the required reliability and
redundancy for every quench situation. For the reasons above, though it is believed
that CLIQ has the potential to quench the entire magnet in 30 ms after the initiation
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of a quench (time delay), the 16 T magnets have been designed assuming a time delay
of 40 ms, which is compatible with the use of quench-heaters.

3.2.5 Other design options

In addition to the baseline design of the cosine-theta type, other design options have
been studied in detail and will be tested experimentally in the coming years. These
other designs are the block-type [127], the common-coil [128] and the canted-cosine-
theta (CCT) [129] configurations. All options have been explored under the same
assumptions, in particular concerning the magnet aperture (50 mm), the field ampli-
tude (16 T), the conductor performance (assuming the availability of a conductor
with a target critical current density of 1500 A/mm? @ 4.2K @ 16T corresponding
to 2300 A/mm? @ 1.9K @ 16 T), the margin on the load line (>14%) and the allowed
mechanical constraints on the superconducting coil (<150 MPa at warm and <200
MPa at cold). The electromagnetic cross section of each of these options is shown
in Figure 3.7. Their salient features, with respect to the baseline cosine-theta, are
shown in Table 3.2.
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Table 3.2. Salient features of design options for 16 T magnets.

Parameter Cos-theta Block-coil CCT Common-coil
Peak field on conductor (T) 16.40 16.73 16.35 16.57
Operating current (A) 11441 10176 18135 15880
Inductance @ 16 T (mH/m) 38 48 18 26

Outer yoke diameter (mm) 660 616 750 650

Mass of conductor (kg/m) 115 120 148 145

Each of these alternatives features some interesting characteristics which may
have the potential to become competitive with the baseline cosine-theta design in
terms of performance, in particular if they would allow operation at a lower margin
on the load-line, thus reducing the required amount of conductor.

3.2.6 Low temperature superconductors

The 16 T dipole magnets for the HE-LHC rely on Nb3Sn. Experience has been gained
in the use of this technology in both the USA and Europe, not only on R&D magnets
but, more recently, thanks to the HL-LHC project, also on accelerator magnets. Both
the electrical performance and filament size are beyond state-of-the-art NbsSn wire.
A dedicated R&D programme has been launched worldwide, with some promising
results already [130]. This programme has three phases: in the first phase, the focus
is on increasing the critical current by 50% with respect to HL-LHC (1500 A /mm? at
42K and 16 T), maintaining high RRR (150). This requires a major breakthrough
and work on novel methods, such as artificial pinning centres (APC), grain refine-
ment and architectures. In the second phase, the conductor will be optimised for
the reduction of magnetisation, in particular at low fields, by modifying the effec-
tive filament diameter and possibly using APC. The third phase can be considered
the preparation for industrialisation, focusing on achieving long unit length (5km)
and competitive cost (5 Euro/kAm at 4.2K and 16 T). As reported in [130], despite
the short time since the start of the programme, high-performing NbsSn conductors
have been already produced by new collaborating partner institutes and companies,
achieving a J. performance of the order of the specification for HL-LHC. Work per-
formed on grain refinement and APC has shown promising results, nearly doubling
the J. at 12T, 4.2K on small samples. Finally, to improve the training of magnets,
the introduction of materials with high heat capacity (Gd20Os) directly within the
NbsSn wire is being considered.

Two distinct conductors are used for the 16 T dipoles: a high-field (HF) conductor
used for the inner pole and a low-field (LF) conductor used for the outer pole. The
parameters of the HF and LF conductors are summarised in Table 3.3. It is assumed
that the insulated conductor can be subjected to pressures of up to 150 MPa at
ambient temperature and 200 MPa when cold, without experiencing an irreversible
degradation. Based on the information coming from tailored experiments and from
magnet tests, these values are considered to be challenging but realistic. Finally, due
to the high J., the large filament diameter and the large amplitude of a magnet
cycle, the magnetisation losses of these magnets have a considerable impact on the
design of the cryogenic system, which assumes 5 kJ/m at 1.9 K for the two apertures.
This limit can be respected with filament diameters of around 20 ym and if new
manufacturing techniques have been developed, e.g. the afore-mentioned APC, and
if the reset current during the machine powering cycle has been optimised.
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Table 3.3. Target parameters for the main dipole conductor.

Property Unit Value
Critical current density at 16 T and 1.9K A/mm? 1500
Strand diameter HF conductor mm 1.1
Strand diameter LF conductor mm 0.7
Filament size HF conductor pm 20
Filament size LF conductor pm 20
Cu/nonCu HF conductor 0.8:1
Cu/nonCu LF conductor 2.1:1
Number of strands HF cable 22
Number of strands LF cable 38
Width of HF cable mm 13.2
Width of LF cable mm 14.0
Keystone angle of HF/LF cable degrees 0.5
Average thickness of HF cable mm 1.950
Average thickness of LF cable mm 1.265
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3.2.7 Superconducting main quadrupole

The main quadrupoles (MQ) of HE-LHC are twin-aperture magnets based on a
cosine-2theta coil configuration assembled in a 20mm thick helium II vessel. The
cooling system and the cryogenic features in the iron yoke are linked to MD magnet
characteristics. Like the MD magnet, the inter-beam distance is 250 mm and the
physical aperture is 50 mm in diameter. Each aperture is mechanically independent
from the other due to the use of a collar and key mechanical assembly. The main
parameters of the MQ are listed in Table 3.4. Each double pancake is made of 18 turns
of NbsSn Rutherford cable with a 0.4° keystone angle, as is illustrated in Figure 3.8.
The cable consists of 35 strands, 0.85 mm in diameter, the filament size is 20 pm.
The CLIQ system protects the magnet with a hotspot limited to 350 K and a peak
voltage to ground below 900 V.

3.2.8 Other magnets in the arcs

For the baseline HE-LHC optics, the FODO cell length in the arc is chosen to be
106.9m, roughly the same length as for the LHC. The HE-LHC has 8 equally long
arcs, each with 23 FODO cells. Each FODO cell has 6 dipoles and 2 Short Straight
Sections (SSS). As in the LHC, each SSS contains one MQ, and sextupole (MS) and
dipole corrector magnets (MC). Depending on the SSS location in the arc, there
may be in addition, octupole corrector magnets (MO), tuning quadrupoles (MQT)
or skew quadrupoles (MQS). It is planned to have 800 MB-MB, 416 MB-SSS and 416
SSS-MB interconnections in the arcs. The magnet types and their main parameters
are listed in Table 3.5. The space required for the interconnections and the magnet
extremities is summarised in Table 3.6, which shows the target distance between the
magnetic ends of the various magnets.

3.2.9 Low-beta quadrupoles and separation dipoles

The low-beta triplets are composed of quadrupole magnets and corrector magnets.
There are two types of low-beta triplets for installation in the high and low lumi-
nosity interaction regions respectively. The magnet parameters of the final triple