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Electron-hadron colliders are the ultimate tool for high-precision quantum
chromodynamics studies and provide the ultimate microscope for probing the internal
structure of hadrons. The electron is an ideal probe of the proton structure because it
provides the unmatched precision of the electromagnetic interaction, as the virtual photon
or vector bosons probe the proton structure in a clean environment, the kinematics of
which is uniquely determined by the electron beam and the scattered lepton, or the
hadronic final state accounting appropriately for radiation. The Hadron Electron Ring
Accelerator HERA (DESY, Hamburg, Germany) was the only electron-hadron collider ever
operated (1991-2007) and advanced the knowledge of quantum chromodynamics and
the proton structure, with implications for the physics studied in RHIC (BNL, Upton, NY)
and the LHC (CERN, Geneva, Switzerland). Recent technological advances in the field of
particle accelerators pave the way to realize next-generation electron-hadron colliders that
deliver higher luminosity and enable collisions in a much broader range of energies and
beam types than HERA. Electron-hadron colliders combine challenges from both electron
and hadron machines besides facing their own distinct challenges derived from their
intrinsic asymmetry. This review paper will discuss the major features and milestones of
HERA and will examine the electron-hadron collider designs of the Electron-lon Collider
(EIC) currently under construction at BNL, the CERN’s Large Hadron electron Collider
(LHeC), at an advanced stage of design and awaiting approval, and the Future Circular
lepton-hadron Collider (FCC-eh).

Keywords: electron, hadron, collider, proton, ion

1 INTRODUCTION

The internal structure of the proton has been a fundamental research topic since the discovery of the
proton by Rutherford. First measurements of the proton structure were performed in the 1950s at the
Stanford Linear Accelerator (SLAC), yielding a resolution of the proton structure at near femtometer
scales and identifying a finite proton radius [1]. Subsequent measurements at SLAC in the 1960s,
Fermi National Accelerator Laboratory (FNAL) in the 1970s and the European Organization for
Nuclear Research (CERN) in the 1980s improved the resolution of the proton structure by more than
two orders of magnitude, revealing the quark structure of the proton and the quark-gluon dynamics
inside the proton. The Hadron Electron Ring Accelerator (HERA) at the Deutsches Elektronen-
Synchrotron (DESY) laboratory was the first dedicated high center-of-mass energy electron-proton
collider and pushed the proton structure resolution down to the attometer scale. The measured
proton structure functions from HERA were, in turn, a vital ingredient for the precision
measurements at the CERN’s Large Hadron Collider (LHC) that led to the discovery of the

Frontiers in Physics | www.frontiersin.org

1 April 2022 | Volume 10 | Article 886473


http://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.886473&domain=pdf&date_stamp=2022-04-25
https://www.frontiersin.org/articles/10.3389/fphy.2022.886473/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.886473/full
http://creativecommons.org/licenses/by/4.0/
mailto:Oliver.Bruning@cern.ch
mailto:seryi@jlab.org
mailto:sverdu@bnl.gov
https://doi.org/10.3389/fphy.2022.886473
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.886473

Brining et al.

Higgs particle in 2012 [2, 3]. Additional insight into the proton
structure has been attained at the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL), where high-
energy collisions between polarized proton beams enable the
study of the contribution of quarks and gluons to the proton spin
[4]. Pushing the energy frontier in future hadron collider facilities
beyond the TeV scale requires knowledge of the proton structure
function at even smaller scales. The Large Hadron Electron
Collider (LHeC) and the Future Circular Collider (FCC) could
cater to this task. Furthermore, with luminosities above
10>*cm™*s™" at hand, the LHeC could also be a Higgs factory
and enable new searches for physics beyond the Standard Model
[5]. The HERA collider did not provide polarized proton beams
and did not explore the regime of electron-ion collisions. The
Electron-Ion Collider (EIC) under construction at BNL will
address these aspects in the coming decades and explore QCD
aspects not studied by HERA [6, 7], focusing on the central goal of
modern nuclear physics — to understand the structure of the
proton and neutron directly from the dynamics of their quarks
and gluons governed by the theory of their interaction (quantum
chromodynamics), and how nuclear interactions between
protons and neutrons emerge from these dynamics.

HERA featured asymmetric collisions between beams of
different species and energies (most commonly protons at
920 GeV and electrons or positrons at 27 GeV). The
operational experience of HERA showed the general feasibility
of such an asymmetric collision scheme in circular collider/
storage ring configurations and confirmed the necessity -
similarly ~observed by the Super Proton-Antiproton
Synchrotron (SppS) collider at CERN - to match the beam
sizes of the colliding beams in order to maintain the proton
beam stability and lengthen the proton beam lifetime [8-10].
HERA provided collisions with spin-polarized electron and
positron beams, which was essential for electroweak collider
physics as well as for the HERMES experiment which studied
spin properties in a fixed target mode. The production of
polarized electron and positron beams relied on the Solokov-
Ternov effect, the mechanism by which high-energy lepton
beams become naturally transversely polarized in a storage
ring. Spin rotators converted the polarization of the beam
from transverse to longitudinal. From a technical point of
view, HERA was the first machine that featured, on a large
scale, magnets with a cold yoke design [11] and that aimed at
minimizing the cycle-dependent persistent current effects of
superconducting magnets [12] - a design approach that
formed the foundation of the very successful LHC magnet
development. HERA was also the first machine to exploit the
benefits of superconductivity for both radio-frequency (RF)
cavities [13] and magnets [14], and the recipient of the first
magnet built using the direct winding technique developed by
BNL that has later enabled the manufacturing of low-cost
magnets for compact interaction regions (IR) [15].

The EIC will use the RHIC accelerator complex. In operation
since 2000, RHIC is the first heavy-ion collider and also the
world’s only spin-polarized proton collider. A versatile machine,
it provides collisions between beams with a wide range of particle
species (p T, Au, U, . . .) and energies (3.85-100 GeV/u for Auand

Electron-Hadron Colliders

up to 255GeV for protons). Transverse and longitudinal
stochastic cooling based on microwave technology helps to
counteract intra-beam scattering (IBS) of high-energy,
bunched ion beams for prolonged luminosity lifetime [16].
The luminosity of low-energy ion collisions is also enhanced
thanks to a hadron cooling system that uses RF accelerated
electron bunches [17]. Two full Siberian snakes (spin rotators)
in each ring enable high luminosity collisions of polarized proton
beams at 255 GeV, with a polarization up to 55% averaged over a
full store and over the two beams [18]. The EIC will combine the
experience from HERA to deliver polarized electron beams with
the experience from RHIC to be the first machine that provides
the collision of polarized electrons with polarized protons, and at
a later stage, polarized *H and *He.

The LHeC and FCC-eh collider designs build on the
experience of the HERA collider and the recent developments
for Energy Recovery Linear accelerators (ERL). The ERL design
allows a modular collider design that can be applied to the LHC,
the High Energy LHC (HE-LHC) and the FCC hadron storage
rings while minimizing the energy requirements for the operation
of the collider and providing the maximum performance reach
for peak luminosity, promising values in excess of 10** cm s~
Both LHeC and FCC-eh implementations are conceived for
concurrent operation in parallel to the main program of the
hadron colliders and an ensuing dedicated exploitation phase
once the main hadron beam physics program has been
completed. This paper focuses on the designs of EIC, LHeC
and FCC-eh. This is not an exclusive list. Alternatives at a
conceptual design stage like the plasma-based particle colliders
are looked at in the context of the European Particle Physics
Strategy Update (EPPSU) and the associate lab directors group
[19], as well as in the ongoing Snowmass 2021 community
process [20].

2 DESIGN OPTIONS

An electron-hadron collider has essentially two basic design
options: 1) a ring-ring based collider design where both the
electron and the hadron beams circulate in opposite directions
in storage rings that intersect with each other at one or more
locations to enable collisions between the two beams, or 2) a
linac-ring based collider design where the hadron beam circulates
in a storage ring and collides at one location with electrons from a
linear accelerator.

A ring-ring based design is the most efficient collider design as
it allows both beams to collide with each other repeatedly.
However, its performance is eventually limited by the power
loss due to synchrotron radiation of the electron beam, the
emittance of the electron beam that is defined by the
synchrotron radiation damping and tune shifts caused by the
beam-beam interactions at the interaction point. For the LHeC
goals, these effects essentially limit the peak performance reach of
the collider to luminosities around 10** cm™s™" [21].

Accelerating the electrons through a linear accelerator
minimizes the synchrotron radiation losses, but exposes the
electron beam only once to a collision with the hadron beam,
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thus eliminating the beam-beam tune shift limitation, and allows
a better match of the electron beam size to that of the hadron
beam as the electron beam emittance is entirely determined by the
source. However, a linac-ring design concept allows only one
collision of the electron beam with the hadron beam before the
electron beams are discarded. The performance reach of this
design concept is therefore directly linked to the maximum
affordable electron beam power. Again, practical limitations
imply for the LHeC concept luminosities around 10>* cm™>s™".

The use of ERLs provides a very appealing alternative design
variation of the linac-ring concept. An ERL-based collider design
allows, at least in principle, the recuperation of the electron beam
power after the collisions with the hadron beam, and thus
eliminates the electron beam power limit on the performance.
Exposing the electron beam only once to a collision before
deceleration and discarding the electron beams after the
deceleration further eliminates the limitations of the beam-
beam parameter and the electron beam emittances on the
performance reach. Assuming an ERL layout with return arcs,
where the beam passes through the same RF system during the
acceleration and deceleration phases, the total synchrotron
radiation power loss is only marginally smaller in an ERL-
based design when compared to a ring-ring design of
comparable size and bending radius (ca. 70% [21]). However,
the elimination of the electron power limit and the beam-beam
tune shift limit opens the door to a much higher performance
reach and, for the LHeC, opens the door to luminosities above
10** cm™ 57", This boost in the performance reach comes at the
price of relying on a new accelerator concept (ERL) and its
challenging operation mode. Any design of a future electron-
hadron collider needs therefore to find a good compromise
between performance limitations with  well-established
accelerator concepts and pushing the performance with the
help of R&D accelerator concepts.

The above described methodology was fully employed in the
development of the United States.based EIC project. While the
earlier concepts of the EIC included considerations of a linac-ring
concept, where the electron beam was provided by an ERL based
on high number of recirculations through a linac and a special
Fixed-Field Alternating gradient (FFA) circular beam transport, a
comprehensive review [22] found that the “unproven or
demanding technical components” of the linac-ring EIC
concept with FFAs and large number of recirculations “present
both technical and cost risks and will require substantial R&D to
be proven reliable and cost effective”. Consequently, the more
established ring-ring concept was adopted for the United States
EIC, which is now an approved project, proceeding to technical
design and soon expected to start construction.

3 COMMON CHALLENGES AND ENABLING
TECHNOLOGIES

The concept of ERLs was already proposed in the 1960s [23]. A
key technological ingredient for the ERL concept is the realization
of RF systems with a sufficiently high Q, that allow an efficient
storage of the electromagnetic fields between deceleration and
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acceleration cycles. This only became feasible with recent
advancements in superconducting RF (SRF) technology that
allow accelerating gradients of the order of 20 MV/m with Q,
> 10'° [24-26]. The higher the Q, and the lower the losses
through Higher Order Modes (HOMs), the more efficient the
ERL. Ultimately one substitutes the beam power limitations of a
conventional linac with the limitations of the cryogenic system
for the ERL that is required for cooling the heat dissipation from
the operating mode and HOMs. A second design goal, in addition
to the highest possible Qo, is therefore the development of high-
temperature SRF systems that allow a more efficient cooling [e.g.,
operation at 4 K] and lower cryogenic loads of the SRF system
[27, 28]. SRF developments are therefore a critical enabling
technology for the ERL-based collider concepts.

A second required enabling technology for ERL-based
colliders and cooling systems of future electron-hadron
colliders is the development of high average current, high
brightness, low emittance electron (and positron) sources with
long cathode lifetimes. Record high brightness, high average
current non-polarized electron sources use DC guns [29].
Most recently an SRF gun, continuous-wave (CW) operated
and equipped with an alkali CsK,Sb photocathode, provided
high-charge electron beams with small transverse emittance
and remarkably long lifetimes of up to a month in stable,
continued operation [30, 31]. The availability of efficient spin-
polarized electron sources is, on the other hand, relevant for
electron-hadron colliders like the EIC. GaAs photocathodes are
the preferred choice for spin-polarized electron sources [32].
Strained superlattice GaAs cathodes routinely achieve spin
polarization above 80% and, in the last years, the use of
Distributed Bragg Reflectors (DBR) has boosted their quantum
efficiency to a few percentage points [33]. In general, polarized
electron sources feature lifetimes of a few days, modest when
compared to the non-polarized electron sources.

The introduction of a crossing angle to reduce long-range
beam-beam interactions can have a severe impact on the
instantaneous luminosity due to the partial geometric overlap
of the colliding bunches and the coupling of synchrotron and
betatron oscillations [34]. To circumvent this issue, HERA
implemented a head-on collision scheme at the expense of
adopting a large bunch spacing. The KEK-B electron-positron
collider at the High Energy Accelerator Research Organization
(KEK) opted instead for a large crossing angle of 22 mrad and
demonstrated in the 2000s the full recovery of head-on collisions
between electron and positron bunches with crab cavities [35].
Simulations had shown that crab crossing would not only
increase luminosity by enabling a full geometric overlap of the
colliding bunches but also by its effect on the associated beam-
beam tune shift [36]. The High Luminosity LHC (HL-LHC) will
be the first collider to use crab cavities for the recovery of head-on
collisions between proton bunches [37]. Crabbing of proton
bunches was recently demonstrated in the CERN’s Super
Proton Synchrotron (SPS) [38].

Crab cavities are transversely deflecting RF cavities that
provide a transverse kick of the same magnitude but opposite
sign to the head and tail of the bunch [39]. Long hadron bunches
favor the use of low frequency cavities to avoid a non-linear
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crabbing kick [40] that may introduce higher-order
synchrobetatron oscillations [41]. Located in the interaction
region where typically space constraints are tight, crab cavities
are required to be compact and feature a large aperture. High
luminosity colliders rely on a high bunch rate that motivates CW
operation. Low frequency, large aperture, and CW operation
requirements drive the choice of SRF technology for most crab
cavities (with the exception of the linear collider CLIC). Compact
crab cavity designs have been developed for the HL-LHC
crabbing system and the EIC [42-47]. The impedance of the
EIC crabbing systems can introduce dangerous transverse
instabilities, so a high-gain feedback will reduce the impedance
of the crab cavities, to be complemented with a transverse
damping system during injection and ramping [48]. The high
sensitivity of the hadron beam to RF noise in the crab cavities, in
the order of that found for HL-LHC, will also require the
implementation of an RF noise feedback [49] as also planned
for HL-LHC.

Both HERA and EIC have substantially asymmetric beam
energies. To guarantee synchronicity between the colliding beams
for a broad range of hadron beam energies outside of the ultra-
relativistic regime, at certain energies the EIC hadron beam
circulates with a significant radial offset (tens of mm) with
respect to the nominal beam pipe size (69 mm diameter) that
consequently increases the impedance. In HERA, the minimum
energy of the colliding protons (300 GeV) was defined by the
maximum orbit change that could be implemented. The different
rigidity of the beams also becomes important in the detector
solenoid. An uncompensated solenoidal field may compromise
the high luminosity as it can introduce closed orbit distortions,
beam focusing, coupling, couple
longitudinal and transverse planes of crabbed bunches, and
impact the polarization of the beams [50, 51]. While the
detector solenoid field was uncompensated in HERA, several
compensation techniques are planned for the EIC [52, 53].

The typically dense and complex interaction regions of any
collider also encounter challenges from the strong synchrotron
radiation emitted by leptons and high-energy protons as a result
of their passage through separation and focusing magnets.
Synchrotron radiation can cause severe heating of equipment
and be a direct and indirect source of detector background
through backscattered photons and products of the interaction
between the beam and photodesorbed molecules. HERA-II had
synchrotron radiation absorbers far away from the detector and
the low beta quadrupoles to reduce the detector background from
backscattered photons [54, 55]. The IR vacuum chambers of the
EIC, LHeC and FCC-eh are also a focus of attention [56].

transverse transverse

4 EIC

The EIC is a United States DOE project with critical decision 1
(CD-1) approval. The EIC is designed to collide 5-18 GeV
polarized electron beams with 41-275 GeV polarized proton
beams, polarized light ions with energies up to 166 GeV/u as
is the case of *He, and unpolarized heavy ion beams up to
110 GeV/u [57]. Although the EIC project scope only includes
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one interaction region, two colliding beam interaction regions
and detectors are feasible. The EIC will be built upon the
infrastructure of the RHIC complex. Several arcs of the two
independent superconducting rings of RHIC will become the
hadron storage ring of the EIC. The present injector chain of
RHIC will be reused for the EIC. Two electron rings will be added
to the tunnel to complete the EIC: a rapid-cycling synchrotron
will accelerate the electron beams to storage energy before the
beams are injected into the electron storage ring. Strong hadron
cooling will be necessary to guarantee the delivery of an electron-
proton peak luminosity of 10°* cm™s™"at 105 GeV center-of-
mass energy. Construction of the EIC is planned to start in 2024,
with first operations beginning early in the next decade. Figure 1
shows the EIC layout with its main components [58, 59].

Like other high luminosity colliders, the EIC design must
address challenges associated with high intensity beams and the
attainment of small emittances at the interaction points. The
maximum average current for the electron beam circulating in the
EIC electron storage ring is limited to 2.5 A for the 5 and 10 GeV
electron beams and 0.25 A for the 18 GeV electron beam in order
to keep the synchrotron radiation power loss below 10 MW. This
power will be restored by seventeen or eighteen 591 MHz single-
cell SRF cavities, each equipped with a pair of MW-level CW
power couplers [60]. In addition to the challenges derived from
high power handling, the variety of beam energies and currents
for EIC operation require that these couplers cover a broad range
of power levels and couplings. The high luminosity scenario of
the EIC will use a 1 A average current proton beam with 10 ns-
spaced, 6.9 x 10" ppb bunches. The EIC will be the electron-
hadron collider with smallest bunch spacing. To impede the
formation of electron clouds, the vacuum chamber of the EIC
hadron storage ring - that of RHIC - will need surfaces with low
secondary electron yield (SEY). Arc quadrupoles and sextupoles,
which can behave as magnetic bottles for the electron cloud
forming after the passage of off-centered beams, present
particularly low SEY thresholds close to 1. Electron clouds
were effectively suppressed by NEG coating the warm
beamline sections of RHIC [61] and the vacuum chamber of
the EIC hadron storage ring will as well use NEG coating in the
warm beamline sections of the EIC hadron storage ring. The cold
sections of RHIC currently have a stainless steel beam pipe, a
material with large electric resistivity and high SEY. As part of the
conversion of RHIC into the EIC hadron storage ring, the vacuum
chamber of the reutilized cold beamline sections will be equipped
with a beam screen featuring a copper layer for reduced resistive-
wall power losses under a thin amorphous carbon layer for
electron cloud suppression [62]. Amorphous carbon is an
electron cloud mitigator with SEY close to unity developed
over the last decade for use in several proton accelerators of
the CERN complex [63].

Acceleration of the hadron beam is currently planned to use
two 24.6 MHz quarter-wave resonator (QWR) cavities for
capture and acceleration (currently operating at 28 MHz for
RHIC, which features a different operation frequency and
number of bunches), two 49.3 MHz QWR cavities and two
98.5 MHz QWR cavities for splitting and six existing 197 MHz
re-entrant cavities for compression and store, all normal
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FIGURE 1 | Artistic rendition of the EIC layout and its preliminary interaction region.
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conducting, plus one 591 MHz 5-cell SRF cavity [64, 65]. The
same 5-cell SRF cavity design is foreseen for acceleration in the
RCS (three cavities) and the ERL (ten fundamental frequency
cavities and three third harmonic cavities). The 10 MW power
lost by the electron beam into synchrotron radiation will be
restored by seventeen or eighteen 591 MHz single-cell SRF
cavities, to be installed in about nine slots of 8 m length each.
While the current design envisions one cavity per cryomodule,
putting two cavities per cryomodule is being considered to fit the
cavities in the available space, an option also under study for the
cooler ERL. The EIC crabbing system follows the local scheme, in
which the bunches are crabbed upstream of the interaction point
(IP) and un-crabbed downstream of the IP. Crabbing of the
electron bunches is realized by one 394 MHz cavity per IP side,
each side with about 4 m available. Crabbing of the long hadron
bunches uses, for each IP side where up to 15 m are available, four
197 MHz cavities plus two 394 MHz cavities to linearize the
crabbing kick along the bunch length. All the crab cavities are
SRF radio-frequency dipole (RFD) cavities [66].

The high luminosity of EIC will be achieved by colliding high-
charge bunches which are strongly focused at the interaction
point. (IBS) in proton bunches will result in longitudinal and
horizontal transverse emittance growth time of about 2 h. Strong
hadron cooling with a similar cooling time of about 2h is
necessary to attain and preserve the small emittances of the
hadron beam and guarantee high luminosity.

Strong hadron cooling (SHC) provides a luminosity increase
of a factor 3 to 10 in comparison with performance parameters
without cooling. The baseline SHC system for the EIC [67, 68]
relies on coherent electron cooling (CeC) based on the micro-
bunched electron cooling (MBEC) scheme [69]. In CeC, a dense
electron bunch travels together with the proton bunch in a
modulator region. Imprints left by protons on the electron
beam are amplified by a system of chicanes separated by a
quarter plasma wavelength of the electrons, creating density

perturbations in the electron beam. The proton bunch
lengthens after travel through a chicane, and merges with the
electron bunch in a kicker area. Kicks are then applied by the
electron beam that are proportional to the average local proton
energy offset, resulting in longitudinal cooling. The longitudinal
extent of the imprint’s “wake” is a few micrometers, resulting in a
requirement of sub-micron accuracy and stability of merging of
the electron and proton bunches in the kicker region, as well as
sub-micron path length stability of their corresponding separate
beamlines. Horizontal transverse cooling will be achieved by
introducing horizontal dispersion in the SHC area. In addition
to SHC, which will operate and keep the emittance stable during
collisions, the possibility to pre-cool the injected proton beam
vertical emittance at 24 GeV is being evaluated.

To achieve 2 h cooling time, the CeC system needs to operate
with a high current beam of 100 mA and up to 150 MeV energy,
and electron bunches as long as 14 mm to overlap the hadron
bunches. Such an electron beam can only be provided by an ERL.
The SHC system uses a single-pass 150 MeV ERL to recover
energy from the 100 mA electron beam after it has interacted with
the hadron beam. The frequency of the ERL, 591 MHz, is taken
after the main RF system of the EIC electron storage ring. No
precedent exists for ERL operation with a beam with such high
average current and power and with such long, low emittance,
high charge bunches. The SHC system of the EIC is possibly the
most demanding area reach with accelerator physics challenges
and its realization will be an outstanding flagship for the EIC
project in particular and for accelerator science and technology in
general.

The compact IR design, with challenging space constraints in
both transverse and longitudinal planes, will be realized with the
use of combined function magnets and assemblies where magnets
for the hadron and electron beams share a common iron yoke. To
deliver the minimum required aperture defined by the beam size
and the synchrotron radiation cone while preserving
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infrastructures and the yellow section the new LHeC installation.

FIGURE 2| (A) Layout options and footprint of the LHeC in the Geneva basin next to the Geneva airport and CERN. The yellow racetrack corresponds to the LHeC
layout that offers optimal performance; in orange, two size variations explored for cost optimization. For reference, the light blue circle depicts the existing tunnel of the
LHC; the dark blue circle is the SPS. (B) 3D schematic showing the underground tunnel arrangement. The grey sections indicate the existing SPS and LHC tunnel

TABLE 1 | The LHeC performance levels during different operation modes.

Parameter Unit
Brightness Np/ (yep) 10"m™
Electron beam current mA
Proton p* m
Peak Luminosity 10% cm=2s™"
Proton beam lifetime h

Fill duration h
Turnaround time h
Overall efficiency %
Physics time/year days
Annual integrated luminosity o

compactness, tapered double-helix or cantered cosine theta
(CCT) magnets [70], which rely on the direct-winding
technology [15], will be used.

The EIC will be realized over the next decade. RHIC
operations will continue until 2025 and the EIC construction
will begin soon thereafter. Anticipated EIC completion is planned
between 2031 and 2033 [71]. While the SHC hardware and efforts
for its initial commissioning are included in the EIC project
scope, it is expected that the full performance of SHC and of the
EIC will be reached several years after project completion.

5 LHEC

The LHeC proposal aims at maximizing the infrastructure
investment of the LHC collider and to expand its physics
program by establishing collisions between electrons from a new
accelerator infrastructure with one of the hadron beams from the
LHC machine [5, 21]. The proposal aims at devising a scheme where

Run5 period Run6 period Dedicated
2.2/2.5 2.2/2.5 2.2/2.5
15 25 50?
0.1 0.07 0.07
0.5 1.2 24
16.7 16.7 100

1.7 1.7 21
4 4 3
54 54 60
160 180 185
20 50 180

electron hadron collisions are generated parasitically to the nominal
LHC physics program without changing the baseline operation mode
of the LHC. Initial studies looked at both options of a ring-ring based
and a linac-ring based implementation and concluded that a linac-
ring based collider scheme had the higher performance potential and
implied a smaller impact on the nominal LHC infrastructure and
operation as compared to a ring-ring based scheme. A concept with
an electron accelerator external to the LHC tunnel further provides a
modular design concept that can equally and easily be applied to
other circular hadron collider options, such as the HE-LHC [72] and
the FCC hadron-hadron collider (FCC-hh) [73]. Considering further
the energy efficiency of an ERL based linac-ring collider over a
conventional linac-ring scheme, the ERL based linac-ring design was
adopted as the baseline concept for the LHeC proposal.

The initial LHeC design assumed two superconducting linear
accelerators, each being capable of an acceleration of 10 GeV, and
three accelerating and three decelerating passages through both
linacs for the electron beam. This leads to a racetrack layout of the
electron accelerator with a total circumference of ca. 9 km and a
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TABLE 2 | Parameter comparison for past and designed electron-hadron colliders. The EIC, LHeC and FCC-eh also include an electron-ion program. Additional parameters

can be found in Refs. 5, 8, 58, and 73.

HERA
Host site DESY
Layout ring-ring
Circumference hadron/lepton (km) 6.3/6.3
Number of IRs/IPs 4/2
Max. CM energy (TeV) 0.32
Crossing angle (mrad) 0
Max. peak luminosity (cm™ s 5 x 10%

Lepton Electrons, positrons
polarized
Max. average current (A) 0.058
Max. SR power (MW) 7.2
Main RF frequency (MHz) 500
No. main RF cavities/cryomodules 28
No. crab RF cavities -
Hadron Protons
unpolarized
Max. average current (A) 0.163
Main RF frequency (MHz) 208

No. crab RF cavities/cryomodules -
No. ERL RF cavities -

EIC LHeC FCC-eh
BNL CERN CERN
ring-ring ERL linac-ring ERL linac-ring
3.8/3.8 26.7/[5.3-8.9] 100/[5.3-8.9]
6/1-2 1 1
0.14 1.2 3.5
22 0 0
1 x 10% 2.3 x 10%* 1.5 x 10%
Electrons Electrons Electrons
polarized unpolarized unpolarized
25 0.02 0.02
10 45 45
591 802 802
17-18/9-18 448/112 448/112
2 — —
Protons Protons Protons
polarized unpolarized unpolarized
1.0 1.1 1.1
591 400 400
12/6 8/4 8/4
13 - -

FCC-eh.

FIGURE 3 | FCC-eh layout and underground structures of the FCC-eh. (A) The FCC-eh layout next to the FCC and LHC infrastructures. The yellow lines indicate
the ERL of the FCC-eh, the light red lines the FCC installation and the dark red the existing LHC tunnel. (B) Schematic layout of the ERL underground structures for the
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maximum electron beam energy of 60 GeV. After the three
acceleration passages, the beam is brought into collision with
one of the LHC hadron beams before the electron beam enters
again the linacs for deceleration. The racetrack shaped electron

accelerator can therefore lie tangentially to the existing LHC
machine. This layout facilitates the construction of the lepton
ERL as the construction can take place largely decoupled from the
LHC operation.
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FIGURE 4 | Resolving the proton structure: EIC marked in green with
spin resolution and the LHeC and FCC-eh colliders marked in red as potential
future colliders [76]. The resolving power is directly related to the maximum 1/
Q? achievable at the respective facility. Note: Q is the square of the
momentum transferred by the electron to the proton.

Feeding the electron beam into one of the LHC interaction
regions and establishing collisions with one of the LHC hadron
beams requires the design of novel, asymmetric focusing
quadrupole magnets next to the LHeC detector. The focusing
quadrupoles have to provide high magnetic fields and sufficient
focusing power for the high-energy hadron beams while not
affecting the electron beam with its much lower beam energy.

As the LHeC operation is assumed to be performed parasitically on
top of the nominal HL-LHC operation, the LHeC does not consider
the option of crab cavities acting on the LHC hadron beams. Instead,
the head-on collisions in the LHeC are established by integrating a
dipole field inside the LHeC detector and gently bending the electron
beam onto the trajectory of the hadron beam. Synchrotron radiation
originating from the bending of the electron beam onto the LHC
hadron beam trajectories poses therefore a challenge for the detector
operation and background and needs to be minimized and screened
in the LHeC interaction region design. Based on the experience with
the HERA operation, the goal is to limit the maximum synchrotron
radiation power passing through the LHeC experiment to less then
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50 kW. Putting limits on the maximum deflection and bending of the
electron beam when entering the interaction region requires the
design of novel, asymmetric superconducting focusing quadrupole
magnets based on Nb;Sn technology.

The LHeC design looked at SRF systems based both on the
International Linear Collider (ILC) design using 1.3 GHz structures
and on the European Spallation Source (ESS) design using 704 MHz
structures. Unfortunately these two SRF options do not match to the
40 MHz bunch structure of the LHC hadron beams. The linacs could
therefore not use the ILC or ESS SRF cavities as they are, but would
require a tuning on the precise RF frequency, which triggered the
launch of a new SRF design optimization for the LHeC. Furthermore,
beam stability studies showed that an RF frequency of 1.3 GHz would
limit the operational current in the RF system and thus the performance
reach of the collider. Beam stability and RF power considerations led to
the choice of an RF frequency of 802 MHz and first prototype structures
produced at the Thomas Jefferson National Accelerator Facility (JLab)
exceeded the design criteria in terms of Q, and accelerating gradient
(18 MV/m with a Q, above 3 x 10'%). The chosen SRF frequency is
being developed in synergy with the FCC SRF structures.

The initial goal of the LHeC was to provide a beam power in
excess of 600 MW at the interaction point with a total wall plug
power consumption of 100 MW for the electron beam. Later design
considerations aiming on pushing the performance reach beyond a
peak luminosity of 10**cm™s™' and minimizing the total
installation cost for the LHeC resulted in shorter linacs, a total
circumference of about 5.4 km (1/5th of the LHC circumference with
900 m linac length) but with a slightly higher wall-plug power
consumption than the initial 100 MW target. The updated LHeC
design features a peak current from the source of 20 mA and total
currents within the SRF cavities of more than 120 mA (2 x 3 x
20 mA) [5]. Figure 2 shows the potential LHeC size and layout
options in relation to the LHC tunnel.

The current LHC planning foresees to extend operation until
about 2041 and foresees in total six running periods and five long
shutdowns. The nominal LHC operation started in 2010 and
extends over three running periods: Run 1 from 2010 until end
2012, Run 2 from 2015 until 2018 and Run three from 2022 until
2025 inclusively. Long Shutdown 1 lasted 2 years from 2013 until
2014 and was used for the consolidation of the inter-magnet splices
in order to allow the operation at nominal beam energy of 7 TeV.
The second Long Shutdown lasted 3 years and was used for the
repair of the diode installation that limited the magnet training
after LS1 and the implementation of the LHC Injector Upgrade
project. The third LHC run starts in 2022 and is scheduled to
extend until 2025 inclusive. A third Long Shutdown extending
from 2026 until 2028 will be used for the implementation of the
HL-LHC upgrade and the HL-LHC exploitation is assumed to start
with Run 4 in 2029. Assuming a 2 year long Long Shutdown 4, the
connection of LHeC accelerator complex and the installation of the
new LHeC detector could be envisaged during the Long Shutdown
4 in a configuration which may take alternating data on lepton-
hadron and on hadron-hadron, as has very recently been shown
[74]. For the estimate of the total LHeC performance reach of an
integrated luminosity of 1ab™' it is assumed that the LHeC
operates for two runs in parallel with the HL-LHC exploitation
followed by one run in a dedicated operation mode where the
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operation does no longer have to be assumed to be parasitical to the
HL-LHC operation and where the machine performance can be
pushed to the maximum value possible. Table 1 summarizes the
parameters and performance reach of the different operation
phases for the LHeC [5].

The same machine layout can be used in combination with the
HE-LHC, a potential successor project of the HL-LHC that is
being studied within the framework of the CERN FCC study. The
HE-LHC would use the same tunnel as the LHC and HL-LHC,
but would replace the existing superconducting magnets with
more powerful high field magnets while using as much as possible
the existing LHC infrastructure.

Previous superconducting ERL demonstrators have shown the
operability of single-turn, low current ERLs with a maximum beam
power of the order of 1 MW. Vital steps for the LHeC development
are therefore the demonstration of multi-turn ERL operation with
high beam current in the SRF structures and efficient energy
recovery and operation efficiency at high beam powers. All three
aspects will be addressed with the PERLE ERL demonstrator [75].

6 FCC-EH

The modular design feature of a racetrack shaped ERL that is located
tangential to a circular collider, also allows the same design concept
(and potentially even the same machine hardware if the projects are
staged as separate operation phases) of the LHeC to be used for
providing electron-hadron collisions with one of the hadron beams of
the FCC-hh [73]. Figure 3 shows the corresponding machine layout
for the FCC-eh implementation. The FCC-eh configuration allows a
further push of the center of mass collision energy from the 1.2 TeV at
the LHeC to 3.5 TeV when colliding the electron beam from the ERL
with one of the hadron beams of the FCC-hh machine. The preferred
interaction point for such electron-hadron collisions at the FCC
complex is the “L” interaction point close to the main CERN site.
Assuming a staged implementation of the FCC project that starts
with a lepton collider in a first phase and a hadron collider in a
second phase within the same underground infrastructure could also
lead to a scenario where the ERL complex is first used as an injector
for the lepton beams for the FCC-ee phase with full energy top-up
injection capability for the FCC-ee machine up to the W collision
energy, thus sparing the otherwise required booster accelerator
within the FCC tunnel. In the second phase of the FCC
exploitation with hadron collisions, the ERL complex could then
be reconfigured as the electron beam accelerator for electron-hadron
collisions during the FCC-hh exploitation phase. Such a staged
installation of, first LHeC, followed by an FCC-ee machine with
the LHeC ERL [operated in recirculating linac mode without energy
recovery] as injector for the lepton beams, followed by an FCC-hh
machine with the ERL accelerator providing leptons for lepton-
hadron collisions at the FCC represents an interesting scenario for a
full exploitation of the infrastructures from the LHC and FCC
complex. In addition to providing a unique tool for searching for
physics beyond the Standard Model and conducting high precision
Higgs studies, the LHeC and FCC-eh provide the finest electron
microscope with resolutions of the proton structure down to 10~ fm
and 107° fm, respectively, for the LHeC and the FCC-eh cases,
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respectively. Figure 4 shows the potential resolution within reach
with the LHeC and FCC-eh colliders in comparison with the
achieved resolution in previous experiments. Table 2 summarizes
main design parameters of HERA, EIC, LHeC and FCC-eh.

7 CONCLUSION

The future electron-hadron colliders EIC, LHeC and FCC-eh draw
on the experience of the first and only of their kind, HERA, and will
build upon RHIC and LHC, two hadron colliders with exceptional
versatility and outstanding performances. The urge to produce
efficient machines makes the ERL concept an interesting option for
future colliders, to the extent that an ERL is part of the hadron
cooler system for the EIC and of the acceleration system for the
electron beams in LHeC and FCC-eh. In this way the EIC could
become the first collider to include an ERL to support regular
operations. The PERLE demonstrator will further demonstrate the
efficiency and operability of multi-turn high intensity ERLs over
the coming years. The quest for high luminosity also requires that
future electron-hadron colliders implement crab crossing and
guarantee sufficient beam cooling. The solutions implemented
to tackle the challenges presented by these high efficiency, high
throughput, versatile colliders will be a lodestar to the next
generation of particle colliders. A future polarized spin and
heavy ion collider, the EIC, and energy frontier electron-hadron
colliders, the LHeC and FCC-eh, represent an exciting prospect for
novel, luminous deep-inelastic scattering colliders and
experiments, to resolve the substructure and dynamics of matter
deeper than hitherto and to contribute to the development of
particle and nuclear physics with discoveries in the decades ahead.
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