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Abstract
We present updated design parameters for a future High-

Energy LHC. A more realistic turnaround time has led to a
revision of the target peak luminosity, as well as a choice of
a larger IP beta function, and longer physics fills. Pushed
parameters of the Nb3Sn superconducting cable together
with a modified layout of the 16 T dipole magnets resulted
in revised field errors, updated dynamic-aperture simula-
tions, and an associated re-evaluation of injector options.
Collimators in the dispersion suppressors help achieve satis-
factory cleaning performance. Longitudinal beam parame-
ters ensure beam stability throughout the cycle. Intrabeam
scattering rates and Touschek lifetime appear benign.

INTRODUCTION
The HE-LHC would provide pp collisions at a centre-of-

mass energy of 27 TeV, using the existing 26.7 km LHC
tunnel infrastructure, and the same 16 T dipole magnets
as being developed for the FCC-hh [1]. In contrast to the
FCC-hh magnets, the HE-LHC magnets will be curved. Pre-
liminary parameters of the HE-LHC were presented in [2].
A conceptual design report is being published [3]. Here we
review the overall design. Arc optics, dynamic aperture, ex-
perimental insertions, and collimation for heavy ion beams
are discussed in four companion papers [4–7].

OPTICS, LAYOUT & INJECTION
Two candidate arc optics for the HE-LHC were devel-

oped [2]. 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 larger dipole fill-
ing factor. The transition between arcs and dispersion-free
straight sections is formed by a so-called dispersion suppres-
sor (DS) [5]. In order for HE-LHC to fit into the existing
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tunnel, the geometrical footprint of the HE-LHC must be
matched to that of LEP or of the LHC. The offset in the arcs
may generally be reduced to about 2 cm peak-to-peak [5].
However, the geometrical offset of the HE-LHC or LHC
DS with respect to LEP depends on the total deflection of
the 8 bends in each DS, whose strength and length could be
adjusted individually.

After the LHC Injector Upgrade (LIU) [8], an extremely
bright proton beam will be available. Injection into the
HE-LHC could be accomplished from a new fast ramping
superconducting (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 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 nonlinear fields of the Nb3Sn dipole magnets, due to
persistent currents in the superconducting cable, limit 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 µm, which is smaller
than the 50 µm filament diameter of the HL-LHC conduc-
tor. A further improvement is expected from the addition
of Artificial Pinning Centres (APCs), with a realistic target
value for the pinning efficiency taken to be 50%. Requiring
a dynamic aperture above 12𝜎, as for the LHC design, and
including the positive effect of magnet sorting, the injection
energy must be at least 900 GeV [4].

OPERATION AND 𝛽∗ CHOICE
The longitudinal emittance needs to be kept constant dur-

ing the physics store, in order to maintain longitudinal Lan-
dau damping. On the other hand, the transverse emittance
shrinks due to the strong radiation damping, while the proton
intensity rapidly decreases. At the HE-LHC the proton burn-
off time is comparable to the radiation damping time. This
situation is qualitatively different from the LHC (where radi-
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ation damping is negligible), HL-LHC (negligible radiation
damping plus luminosity levelling) and FCC-hh (radiation
damping faster than proton burn-off, also requiring trans-
verse noise excitation to control beam-beam tune shift or
pile-up), all discussed in [9]. At the HE-LHC, a partial lumi-
nosity levelling naturally occurs, since the emittance shrinks
while the intensity decreases.

In 2017–2018, the LHC turnaround time was roughly 6 h
on average [10,11], and 3.5 h if not counting technical faults
[12]. A similar turnaround time of about 5 h is assumed for
the HE-LHC [13]. Such a figure appears attainable in view
of the LHC experience and the planned HE-LHC ramp-up
time of about 20 minutes [3]. We choose the 𝛽∗ of the HE-
LHC to be 45 cm, such that the optimum HE-LHC run time
also becomes ∼5 hours. At this value, both physical and
dynamic aperture in collision are satisfactory [6].

COLLIMATION
With the reduced physical aperture at injection and smaller

beams at higher energy, collimating the HE-LHC beams is
more challenging than for the HL-LHC. As for the LHC and
HL-LHC, the collimator system will be multi-staged, con-
sisting of primary (TCP), secondary (TCSG), and tertiary
collimators, plus others. The HE-LHC collimation design
started from the HL-LHC layout [14], building on the well-
tested LHC collimation system [15,16]. Due to high beam
losses in these regions, the LHC collimation straights in
Interaction Region (IR) 7 (betatron collimation) and IR3
(momentum collimation) can only accommodate warm mag-
nets. The HE-LHC design strategy has been to maintain
or approximate the LHC optics with its carefully optimised
collimator locations [17] and phase advances between colli-
mators. Keeping exactly the same optics would have required
a doubling of the integrated bending and focussing fields,
which is not directly possible. However, minimising longi-
tudinal gaps, eliminating any weakly excited quadrupoles
and spare collimator slots, and increasing the length of all
magnets to the maximum extent possible helped accomplish
this goal approximately. For IR3 the remaining lack of inte-
grated magnet strength in the region hosting the TCPs and
TCSGs 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.

Like the HL-LHC, the HE-LHC will profit from DS colli-
mators. The solution chosen for HL-LHC [14,18] can proba-
bly not be applied to the HE-LHC, since the standard dipole
field is 16 T already. Instead we moved several dipoles to
create space for collimators in DS cells 8 and 11, impacting
the machine footprint.

The collimator hierarchy must be preserved in the pres-
ence of errors, which requires a minimum transverse distance
of 1–2𝜎 between the different levels of collimators, taking
into account machine imperfections, optics and orbit stabil-
ity, injection oscillations, and possible failure modes [19,20].
The HE-LHC collimator settings in units of 𝜎 are based on
those for the HL-LHC. At top energy, the HE-LHC TCP

has a physical half gap of 0.82 mm, 40% smaller than the
1.2 mm of the HL-LHC TCP.

Figure 1 presents simulated cleaning inefficiencies in colli-
sion, using the setup of [16]. The local cleaning inefficiency
is excellent, significantly less than 10−5, for all cold sections
(shown in blue, while losses in warm areas are displayed in
red). An inefficiency of 7 × 10−6/m would correspond to a
local heat load of 10 mW/cm3 for a 12 minute beam lifetime,
to be compared with a quench limit of 100 mW/cm3 [21].
The cleaning simulations also include two IR7 DS collima-
tors set to about 18 and 22 𝜎. The DS collimators intercept
practically all protons that otherwise would have been lost
on the cold magnets in the DS. A similarly beneficial effect
of DS collimators is seen for heavy ions [7].
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Figure 1: Simulated horizontal (left) and vertical cleaning
inefficiency (right) around IR7 at collision energy with TCPs
set at 6.7𝜎 and TCSGs at 9.1𝜎. The simulation was per-
formed with the code SixTrack [22, 23] using the scattering
physics model of FLUKA [24].

Since for the HE-LHC the inter-beam separation in the
arcs is increased to 250 mm, compared with 194 mm at
the LHC, the necessity of the IR7/3 “dogleg” needs to be
re-examined. Removing the dogleg dipoles would simplify
the layout and optics of IRs 3 and 7.

LONGITUDINAL PARAMETERS
The requirement of longitudinal beam stability determines

the minimum longitudinal emittance and RF voltages at all
energies. Controlled emittance blow-up can be achieved
by applying band-limited phase noise (as currently used
in LHC operation). 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 (3 eVs), assuming the same effective impedance of
Im(𝑍/𝑛)eff = 0.11 Ω. For beam stability the longitudinal
emittance must be varied as 𝜀|| ∝ 𝐸1/2

𝑏 𝛾𝑡. The RF voltage
𝑉RF required for the same bucket filling factor scales with
beam energy 𝐸𝑏, longitudinal emittance 𝜀||, and gamma-
transition as 𝑉RF ∝ 𝜀2

|| /(𝐸𝑏𝛾2
𝑡 ). Therefore, the RF voltage is

similar for different values of 𝛾𝑡. The voltage of the 400 MHz
RF system is about 11 MV, and the rms bunch length 9 cm,
both at the injection energy of 1.3 TeV and at top energy [25].
In case, for the HE-LHC, Im(𝑍/𝑛)eff increases by a factor
𝐹 compared with the HL-LHC, the bunch length in physics
would need to be approximately a factor 𝐹1/5 longer. The
RF power requirements do not exceed those of the HL-LHC.
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COLLECTIVE EFFECTS
The direct space-charge tune shift of order 10−3 con-

tributes to Landau damping of higher-order single-bunch
head-tail modes [26]. The smaller chamber size will cause
the indirect space charge effects to be enhanced compared to
the LHC and HL-LHC. Extrapolating from [27], the vertical
Laslett tune shift at 1.3 TeV will be about Δ𝑄Laslett ≈ −0.02.
Although the average tune shift can be corrected by adjust-
ing the arc quadrupoles as a function of total beam intensity,
some leakage of the AC magnetic field in the 10 kHz fre-
quency range during filling of the machine could lead to no-
ticeable bunch-to-bunch tune variation [27]. Another source
of filling-pattern dependent bunch-to-bunch tune variation
is the resistive-wall effect. Applying the results of [28] for
the injection plateau, the resistive-wall transient could lead
to a tune variation along the HE-LHC bunch trains of order
10−3.

The intrabeam-scattering (IBS) emittance growth time at
injection amounts to about 6–8 hours horizontally and 8–9
hours longitudinally [29]. Therefore, an emittance growth
of about 5–6% longitudinally and 6–8% horizontally is ex-
pected to occur during 30 minutes at injection energy. This
emittance growth could be reduced by means of a lower
frequency RF capture system (e.g. 200 MHz), allowing for
a larger longitudinal emittance and larger bunch length at
injection. At top energy all IBS rise times exceed 25 hours;
hence, they appear negligible compared with the radiation
damping [29]. All Touschek lifetimes exceed 1000 h [29].

The impedance of the HE-LHC beamscreen in the cold
arcs is larger than for the present LHC due to its 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).
However, the pumping holes are effectively shielded by the
HE-LHC beamscreen [30]. The impedance for the room-
temperature beam pipes is taken to be the same as for the
LHC [31]. The collimators are a second major contributor to
the transverse impedance budget. The HL-LHC collimation
layout is considered, with primary (TCP) and secondary
collimators (TCSG) in IR7 made from MoGr, without and
with a 5 µm Mo coating, respectively [31]. The full HE-
LHC impedance model (Fig. 2) also includes the broadband
(BB) impedance and higher-order modes from the main RF
cavities, plus contributions from four experiment vacuum
chambers. Recombination chambers, shielded bellows, and
arc BPMs are represented by a broadband resonator. Crab
cavities are not included.

For instability estimates, the HL-LHC optics are assumed.
At 1.3 TeV injection energy the HE-LHC requires a mini-
mum damper gain equivalent to a damping time of 100 turns;
the TMCI threshold is expected at a bunch population of
5 × 1011 protons, more than twice the design value [32].

PARAMETERS & OUTLOOK
Table 1 summarises the baseline design parameters. It

is assumed that HE-LHC will accommodate two high-
luminosity Interaction Points (IPs) 1 and 5, at the locations

Figure 2: Real (solid curves) and imaginary part (dashed
curves) of the HE-LHC transverse impedance at top energy
compared with the HL-LHC transverse impedance and with
an earlier HE-LHC impedance model featuring tighter colli-
mator gaps [26], as a function of frequency [33].

of the present ATLAS and CMS experiments. For these
experiments, an integrated pp luminosity exceeding 10 ab−1

is within reach over about 20 years of pp operation. IPs
2 and 8 could host secondary experiments combined with
injection, as for the present LHC.

Table 1: HE-LHC Parameters for Operation with Protons

Parameter [unit] HE-LHC
Centre-of-mass energy [TeV] 27
Injection beam energy [TeV] 1.3 (0.9)
Arc dipole field [T] 16
Beam current [A] 1.12
Bunch population 𝑁𝑏 [1011] 2.2
Bunch spacing [ns] 25
Longitudinal emittance (∼ 4𝜋𝜎𝑧𝜎𝐸) [eVs] 4.2
Normalized transv. rms emittance 𝛾𝜀 [𝜇m] 2.5
IP1 & 5 beta function 𝛽∗

𝑥,𝑦 [m] 0.45
Peak luminosity in IP1 & 5 [1034 cm−2s−1] 16
Peak number of events / crossing 460
Synchrotron-radiation power / beam [kW] 100
Transverse emittance damping time 𝜏 [h] 3.6
Initial proton burn-off time 𝜏bo [h] 4.3
Luminosity per year (160 days) [fb−1] ≥ 500

Like the LHC, the HE-LHC could also operate as a heavy-
ion and ion-proton collider; and by adding a 60 GeV electron
beam from an energy-recovery linac, the HE-LHC could
provide lepton-proton and lepton-ion collisions [13].

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 Nb3Sn supercon-
ducting 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 after the stop of the HL-LHC operation (dismantling
of the existing SPS and LHC, civil engineering works and
technical infrastructure, machines and detectors including
commissioning) lasting 8 years. Then a period of 20 years
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is needed to execute the currently envisaged physics pro-
gramme. This makes a total of almost 30 years for construc-
tion and operation.
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