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Abstract: Electrons lenses produce a high-intensity electron beam and have a variety of appli-
cations to circular hadron accelerators. Electron beams of different transverse cross sections and
distributions may be designed, depending on the desired application, and they are produced and
steered along the orbit of the hadron beam, overlapping with it for typical distances of a few
meters before being deflected away and disposed of. Hollow electron beams find applications to
high-intensity beam collimation for machines like the CERN Large Hadron Collider (LHC). Such
devices can be integrated in a collimation system to improve the halo-cleaning performance through
an active control of the halo dynamics: the annular distribution of the electrons excites resonantly
the beam tails surrounding the beam core, while the core itself remains unperturbed, as ideally it
only “sees” the field-free “hole” in the electron distribution. Hollow electron lenses are part of the
upgrade baseline of the High-Luminosity project of the LHC (HL-LHC) and will be installed in the
machine during a long shutdown in 2025–2027 to mitigate effects from beam losses so to improve
the collimation system performance. This paper describes the hollow electron lens project within
the HL-LHC collimation upgrade.
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1 Introduction

The Large Hadron Collider (LHC) [1] at the European Organization for Nuclear Research (CERN)
is designed to collide two 7 TeV proton beams, each carrying the unprecedented stored-beam energy
of 362 MJ. The LHC will start its third Run in 2022 after the very successful Run 1 (2010-2013)
with beam energies up to 4 TeV and Run 2 (2015–2018) with beam energies up to 6.5 TeV. Starting
in 2025, it is planned to upgrade the LHC according to the High-Luminosity (HL-LHC) upgrade
project [2], aiming at nearly doubling the beam current, while reducing by more than 30% the beam
emittance compared to the LHC design value. This goal will be achieved thanks to the implemented
LHC Injectors Upgrade project [3]. The ambitious goal of the HL-LHC project is to accumulate an
integrated luminosity of approximately 3000 fb−1 until about 2040, i.e. to reach a total of about ten
times more than what is expected to be accumulated by the end of Run 3 in 2024. Beam losses are
also a concern for the operation at the LHC with heavy-ion beams. Although the target total stored
energy is about 20 MJ, the beam collimation process is less efficient than for proton beams, so halo
losses are also an important concern [4].

– 1 –
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The halo collimation of proton and ion beams in a superconducting accelerator like the LHC
poses obvious concerns, and a sophisticated multi-stage collimation system has therefore been
designed, installed, and successfully operated [5–11]. Even if the performance of the LHC col-
limation system so far was very good, as stored energies in excess of 300 MJ were routinely
handled without quenches triggered by beam losses on the collimation system [12–14], uncertain-
ties apply to the extrapolations to conditions at the HL-LHC, with doubled bunch current, smaller
emittances, and higher beam energies. Various means to improve the LHC collimation perfor-
mance are therefore under investigation [15]. Some important upgrades already took place in the
LHC Long Shutdown 2, which covers the period 2019–2021, with a first phase of the planned
low-impedance upgrade of the betatron collimators and with the improvement of the dispersion-
suppressor cleaning [15].

A specific threat to an efficient operation of the HL-LHC was identified in sudden losses
generated by fast transients, e.g. orbit jitters, in presence of highly-populated beam halos, generating
fast losses that could result in magnet quenches or beam dumps. Although such effects were
under good control in Run 2, a quantitative scaling of tail populations and in general of loss
mechanisms to the challenging HL-LHC beam conditions is neither easy nor evident. If one simply
assumes that the halo populations scale linearly with the total beam current, one can estimate
that up to 36 MJ might be stored in the beam tail, i.e. above around 3 RMS beam sizes and very
close to the aperture of the primary collimators [16, 17]. Note that this is more than 10 times
larger than the total beam energy stored in the Tevatron beams [18, 19]. The HL-LHC project
management recognized the need to put in place mitigation strategies to make the operation less
sensitive to transient beam losses, following a review on the needs for active halo control at the
LHC [20].

Hollow electron beams can boost the performance of a collimation system through an active
control of halo particles’ diffusion speed and the tail population. By creating an annular area around
the beam core nearly free of halo particles, loss spikes are greatly suppressed. The hollow electron
beams can be generated by a Hollow Electron Lens (HEL) that produces a low-energy electron
beam with a cylindrical symmetry using a hollow cathode. The electron beam is deflected to run
co-axially to the circulating hadron beam, over a few metres, such that it acts on the halo particles
at transverse amplitudes below that of the primary collimators without perturbing the beam core,
which propagates in the field-free region inside the hollow electron beam. The current multi-stage
collimation system must remain in place to safely dispose of the halo particles that are resonantly
driven unstable by the electron beam at smooth and controllable loss rates. In this scheme, the
collimation system maintains its role to protect the ring from the standard loss mechanisms —
other fast beam losses are affected little by the HEL that provides small kicks at every turn —
but is not exposed to fast losses from transverse displacements of the halo, e.g. from beam-orbit
jitters.

In this paper, the current design of the HEL for the HL-LHC is reported. After a descrip-
tion of the integration of a HEL-based collimation scheme in section 2, motivation and require-
ments for the HEL are presented in section 3. In section 4, the detailed design of the different
HEL sub-systems is presented with the target performance reach. In section 5, the expected
performance of the HEL at the HL-LHC is reviewed. Finally, some conclusions are drawn in
section 6.
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Figure 1. Schematic representation of the LHC ring. Beams are brought in collision in 4 straight sections
in Pt1, Pt2, Pt5, and Pt8. The other straight sections house the collimation systems (Pt3, Pt7), the radio-
frequency (RF) system and some instrumentation devices (Pt4), and the dump systems for both beams (Pt6).
The counter-rotating Beam 1 (blue) and Beam 2 (red) are injected in Pt2 and Pt8, respectively. Pt4 will also
house the HL-LHC hollow electron lenses.

2 HEL collimation scheme and integration in the HL-LHC collimation system

The layout of the LHC ring is shown in figure 1. The LHC is installed in a 27 km-long underground
tunnel and it has an eight-fold symmetry with 8, 3.3 km-long arcs and 8 straight sections. The 4
main LHC experiments are housed in Pt1 (ATLAS), Pt2 (ALICE), Pt5 (CMS), and Pt8 (LHCb).
Two straight sections with normal-conducting magnets are dedicated to beam collimation: Pt3 for
momentum cleaning and Pt7 for betatron cleaning. Pt6 houses the beam dumping system. Finally,
Pt4 is a straight section that houses the Radio-Frequency (RF) system and some instrumentation
devices. The two counter-rotating LHC beams are injected in Pt2 (Beam 1, clockwise) and Pt8
(Beam 2, counter-clockwise). This layout will be preserved for the HL-LHC, with major upgrades
taking place in Pt1 and Pt5 in order to enable improved luminosity performance for the two general-
purpose experiments, ATLAS and CMS. Other important upgrades take also place in different parts
of the ring, as described in detail in [2].

HELs provide a mechanism to control the diffusion speed of halo particles and therefore
control how particles are driven towards the jaws of the collimators. The disposal of beam halos
remains the responsibility of the existing collimation system. HELs are integrated in the transverse
hierarchy of the betatron collimation system as illustrated in figure 2: they act on particles with
transverse amplitudes just below those of the primary collimators (dark-gray box in the scheme).
After the interaction with the primary collimators, the halo particles are disposed of through the
standard multi-stage cleaning mechanisms [1]. We will see that the kick experienced by a halo
particle at each passage through the HEL is of the order of a fraction of a microradian. This
induces a moderate change in the halo particle’s motion so that single-turn effects can be considered
negligible. Therefore, HELs do not need to be located close to the collimation system and might be
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Figure 2. Scheme illustrating the conceptual integration of a HEL in the current collimation system
hierarchy. The transverse amplitude range covered by the HEL (yellow) spans amplitudes between the tails of
the circulating beam and those of the primary collimators (dark-grey) of the multi-stage collimation system.
Their effect is to enhance the diffusion of halo particles that are sent in a controlled way on the betatron
collimation system.

installed at any location around the ring. They do not produce local losses, and they are designed
to have a negligible effect on fast losses. Suitable locations were found in Pt4 close to the main
RF system. As discussed later, ensuring the electron beam stability requires intense solenoidal
magnetic fields that will be achieved with superconducting magnets. The LHC Pt4 features already
a cryogenics system and also has other advantages like the increased inter-beam distance, required
by the RF system [1], that leaves more space for the integration of the lenses.

More details on the planned integration in Pt4 are discussed in section 4.6. Table 1 reports
the main optical functions at the corresponding locations for both beams. An effort was made in
matching the nominal optics to have round proton beams at the HEL location and to increase the 𝛽-
functions while keeping a small dispersion. The layouts are symmetric for Beam 1 and Beam 2, and
optimum conditions were achieved in the latest version of the HL-LHC optics, i.e. V1.5 [21]. The
𝛽-functions for both beams and planes in the Pt4 region are shown in figure 3, together with some
layout elements in this region. Blue boxes indicate the “dogleg” dipoles that are used to increase
the inter-beam distance in the straight region over a length of ≈ 100 m around Pt4 (𝑠 = 9997.1 m),
as required for the LHC RF system [1].

3 HEL specifications for enhanced beam collimation

3.1 Motivations and required performance

The presence of highly populated beam tails risks making the operation very sensitive to small orbit
jitters, naturally observed in the beam dynamics or triggered by different sources like earth quakes
and power converter ripple [22]. Damage might also be caused in case of fast failure scenarios as
potentially expected at the HL-LHC. Particular concerns arise for the operation of crab-cavities [23]
that will also be installed starting in 2025 and will be used in the HL-LHC. These new devices have
the potential to excite failures with the rise time of a few LHC turns [24], as well as from the risk
of dumping asynchronously the two HL-LHC beams, which triggers a transverse kick on the beam

– 4 –
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Table 1. Main parameters at the locations of the HELs for Beam 1 and Beam 2. In the nominal optics, the
relevant parameters are matched to the same values for the two beams, and for the horizontal and vertical
planes.

Parameter Value/range
Proton kinetic energy, 𝐸beam [TeV] 7
Proton emittance (rms, normalized), 𝜖 [μm] 2.5
𝛽-function at electron lens, 𝛽𝑥,𝑦 [m] 280
Dispersion at electron lens, 𝐷𝑥,𝑦 [m] 0.0
Proton beam size at electron lens, 𝜎 [μm] 306
Typical beam divergence (rms), 𝜎′ [μrad] 1.3–1.5
Diameter of the (warm) beam aperture, [mm] 60
Beam 1 longitudinal position from IP1, [m] 9957.0
Beam 2 longitudinal position from IP1, [m] 10037.2
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Figure 3. Evolution of the 𝛽-functions for both beams and planes in the Pt4 region [21]. Key layout elements
are shown by the coloured boxed: dipole (blue) and quadrupoles (white) in the line. For both beams, the
HELs are placed at the locations with round optics (see table 1).

that circulates for longer times (see [25] for an overview of various possible effects for HL-LHC).
There is a solid experimental basis from measurements at the LHC that indicates consistently the
presence of large tail populations [16, 17]: reducing the steady-state population of tails is important
to mitigate known and unknown loss effects and might even become mandatory if some fast failure
scenarios cannot be excluded.

In the end of Run 1 (2010-2013), the LHC operation at 4 TeV was severely affected by
issues related to beam losses. The configuration of the collimation system was based on primary
collimators at gap values close to±1 mm, which intentionally equalled the nominal settings at 7 TeV.
The situation significantly improved in the Run 2 at 6.5 TeV, also thanks to smaller beam sizes from
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Table 2. Requirements for active halo control at the HL-LHC.

Parameter Value or range
Transverse scraping range at 7 TeV [𝜎] >3.6
Energy range for halo scraping, 𝐸min [TeV] > 5
Desired 90% tail scraping time [min] 5
Tolerated proton beam core emittance blow-up [μm/h] 0.05

the adiabatic damping at higher energy. On the other hand, beam measurements at this energy still
indicated a large tail population in various phases of the operation cycle [26]. Recent concerns
were brought up in association with a new effect observed in Nb3Ti magnets, referred to as “flux
jumps” [27], which is expected to trigger sudden field variations in the new dipole and quadrupole
magnets at the HL-LHC, with subsequent transient beam variations. For a circular accelerator of
the complexity of the HL-LHC, other effects causing beam losses might arise from sources yet
unknown. The specifications of the HL-LHC HEL hardware, which are based on the experience
obtained so far with transverse beam tail analysis, and the expected needs are summarized in table 2.
The tolerated emittance blow-up is specified in [28]. The design is optimized for operation at 7 TeV,
where the loss behaviour is most critical, although it is required to start tail control already during
the energy ramp, in order to ensure the possibility to reach the top-energy plateau with the beam tails
already under control. The phenomenon of flux jumps called for an assessment of the possibility to
also use the HEL at lower energies. This aspect is discussed in section 4, where the electron-beam
performance is described.

The experience with HEL collimation at the Tevatron [29] indicates that HEL is a very effective
tool to mitigate issues related to transient beam losses, while remaining fully compatible with the
standard operation of the collider. In the beam tests carried out at the Tevatron, suitable ranges
of operational parameters could be found to improve the collimation performance with no visible
deterioration of the luminosity. In particular, tail depletion resulted in reduced sensitivity to loss
spikes in the presence of orbit jitters.

A key aspect in the decision-making process to include HELs in the HL-LHC baseline was
the excellent experience obtained at the Tevratron with the HEL-collimation studies, carried out
for the LHC in the framework of the US-LARP [30] programme. The Tevatron experiments on
HEL-collimation were conducted on antiprotons, mainly at the end of regular collider stores. In
some cases, the electron beam was turned on for the whole duration of the fill after collisions
were established. Because of the flexible pulsing pattern of the high-voltage modulator [31], the
electron beam could be synchronized with a subset of bunches, providing a direct comparison with
the unaffected beam. The main results of HEL-collimation at the Tevatron can be summarized as
follows [29, 32–34]:

• the use of HEL was compatible with collider operation during physics data taking;

• the alignment of the electron beam with the circulating beam was accurate and reproducible;

• the halo removal rates were controllable, smooth, and detectable;

• with aligned beams, there was no lifetime degradation or emittance growth in the core;

– 6 –
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• loss spikes due to beam-orbit jitter and tune adjustments were suppressed;

• the local effect of the electron beam on beam halo fluxes and diffusion speed were directly
measured with collimator scans.

It is important to note that the operation at the Tevatron relied primarily on the use of DC electron
beams, while for HL-LHC it is also planned to deploy pulsed-beam operational scenarios. These
aspects are discussed in section 5. More recently, beam tests with hollow electron beams for
collimation studies were also carried out at RHIC [35].

3.2 Operational conditions and electron beam requirements

The HEL produces an annular-shape electron beam that interacts with the circulating hadron beam
over a distance of a few metres. The dimensions of the electron beam, specifically its inner radius
𝑟i, which determines the smallest amplitude of halo particles affected by the active excitation, is
defined by the constraint not to affect core particles while ensuring a sufficient range for depletion
at amplitudes close to the primary collimator gaps. The smallest inner radius for halo control at the
maximum LHC beam energy of 7 TeV was identified at 3.6𝜎, where 𝜎 =

√
𝜖 𝛽 is the RMS beam

size, for which we assume a normalized emittance 𝜖 = 2.5 μm. This ensures a clearance of about
3𝜎 with respect to the nominal opening of 6.7𝜎 the primary collimators in Pt7 [15].

Halo particles with amplitudes 𝐴 > 𝑟i are affected by non-linear transverse kicks produced by
the electron beam. The maximum kick 𝜃 experienced by a proton at radius 𝑟 traversing a hollow
electron beam enclosing current 𝐼er in an interaction region of length 𝐿 is given by the following
expression:

𝜃 =
1

4𝜋𝜖0

2𝐼er𝐿 (1 ± 𝛽e𝛽p)
𝑟𝛽e𝛽p𝑐2(𝐵𝜌)p

, (3.1)

where 𝜖0 is the vacuum permittivity, 𝑣e = 𝛽e𝑐 is the electron velocity, 𝑣p = 𝛽p𝑐 the proton velocity,
and (𝐵𝜌)p is the magnetic rigidity of the proton beam. The ‘+’ sign applies when the magnetic
force is directed like the electrostatic attraction, i.e. when the electron beam moves in the opposite
direction to the proton beam, whereas the − sign applies when the two beams move in the same
direction. For example, in the HL-LHC configuration with 𝐼er = 5 A, 𝐿 = 3 m, 𝛽e = 0.237
(corresponding to 15 keV electrons), 𝑟 = 2.2 mm, the corresponding kick is 𝜃 = 0.3 μrad for 7-TeV
protons moving in the opposite direction to the electrons. The transverse cross section of the
electron and proton beams at the HEL (left plot) and the dependence of the kick on the radial
variable 𝑟 =

√︁
𝑥2 + 𝑦2 (right plot) are shown in figure 4, for the case of a cylindrical symmetry of

the electron beam. Because of the betatron oscillations of the protons, the transverse kicks have
different magnitudes at each turn and their strength is proportional to the electron-beam current and
can be easily controlled. The particles in the core of the circulating beam (whose amplitudes are
smaller than 𝑟i) are — in the ideal case — unaffected if the distribution of the electron charge is
axially symmetric.

Providing specifications for the HEL is a complex process, requiring various iterations over
several HEL parameters, machine optics, and collimation system aspects, such as: (1) dimensions
of the hollow cathode; (2) arrangement of solenoid fields of the HEL magnetic system; (3) optics
parameters at the HEL location; (4) reference betatron cut of the betatron collimators in Pt7; (5)

– 7 –
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Table 3. Main parameters of the HL-LHC HEL.

Parameter Value or range
Geometry

Length of the interaction region, 𝐿 [m] 3
Aperture of the proton-beam vacuum chamber [mm] 60
Inner solenoid cold-bore aperture [mm] 180
Outer cryostat diameter [mm] ≈ 500
Cryostat vessel pressure [bar] 3.5

Magnetic fields and magnet parameters
Gun solenoid, 𝐵g [T] 0.2–4.0
Collector solenoid [T] 0.2–0.4
Main solenoids (superconducting), 𝐵m [T] 5
Range of compression factors,

√︁
𝐵m/𝐵g 1.1–3.75

Target compression factors 3.7 (0.375 T)
Electron gun and electron beam

Inner/outer cathode radius, 𝑟i,cathode, 𝑟o,cathode [mm] 4.0/8.0
Peak yield at 10 kV, 𝐼 [A] 5
Maximum electron beam density [A/mm2] 0.44

High-voltage modulator
Cathode-anode voltage [kV] 15
Rise time (10%–90%) [ns] 200
Electron pulse duration [μs] 1.2–86
Maximum number of e-beam pulses per LHC turn 3

requirements of the main solenoid field to ensure stability of the electron beam. A critical element
of the iterative process that led to the final specification of HEL parameters was the identification
of the need for high output current cathodes of small transverse dimensions. As discussed in
section 4.4, cathodes with inner radius 𝑟i,cathode = 4.0 mm could be identified that provide an
electron beam current in excess of 5 A. This value was assumed for a first definition of the HEL
parameters. The initial assessment of the requirements on electron-beam stability indicated that,
at the designated locations for the integration of the HEL (see section 2), a main solenoid field of
𝐵m = 5 T is necessary along the straight path of the electrons. The local optical parameters were
further optimized by increasing the 𝛽-functions in order to minimize the electron beam density
for gaining further stability margin. Having defined these two parameters — 𝑟i,cathode and 𝐵m —
the rest of the required fields could be specified to achieve the desired electron beam compression
for the interaction with the protons. The final values of the HEL parameters are listed in table 3,
which includes also the specifications for the electron beam powering. The filling patterns of the
LHC are built around bunch trains produced at the PS and then transferred to the SPS, with a
25 ns-spacing between bunches. A detailed description of these patterns is beyond the scope of this
paper. It suffices to recall the main requirements that a filling scheme should fulfil and its features:
each scheme must respect a 3 μs empty gap at the end of each 89 μs LHC turn for beam abort; the
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Figure 4. Left: transverse cross section with the beam distributions at the HEL: annular distribution of the
electron beam (green) and Gaussian proton beam distribution (blue) with the 1 sigma envelope indicated in
red. The black lines indicate the nominal 6.7𝜎 opening of the three primary collimators (horizontal, vertical
and skew), converted in mm at the HEL location. The reference optics of table 1 is used. Right: HEL kick
experienced by a 7 TeV proton as a function of the radial coordinate.

minimum distance between LHC trains is about 800 ns, determined by the pulse duration of the
injection kickers; within each LHC train, gaps up to 200 ns are present corresponding to successive
injections into the SPS. This implies that for the HEL a rise and decay time of 200 ns is specified,
in order to enable acting on sub-trains within a given LHC train. The duration of the electron beam
pulses between 1.2 μs and 86 μs allows an ample flexibility in acting on different types of bunches
and trains.

The main requirement for the HEL is to provide adequate halo scraping at top energy, both for
proton and ion beams, when beam losses are more critical for the machine. One requires to be able
to switch the HEL on during the energy ramp above 5 TeV (see table 2) such that the top energy can
be reached with tails already depleted. Halo removal at much lower energies might be inefficient
because tail-population mechanisms in the ramp might induce a strong generation of beam halo.
Hence, in normal conditions, tail scraping should not start earlier than strictly needed.

No specific loss problems are expected at injection energy, but the possibility to use HELs at
450 GeV is considered as a key asset for an efficient commissioning of these complex devices, e.g.
with smaller-than-nominal emittance beams or with specially tuned optics, designed for smaller
values of the 𝛽-functions at the HELs locations. Note initial beam commissioning and HELs setup
can be performed more efficiently at injection energy, avoiding the long full LHC operational cycle.
Typically, a 2 h turnaround time is expected to be needed to recover the top-energy conditions
after a beam dump at 7 TeV, if one operates at top energy only, while at 450 GeV, subsequent beam
injections can be obtained within minutes.

Recently raised concerns with the flux jumps in the new HL-LHC magnets [27] required
assessing the use of HELs below 5 TeV. The maximum value of sigma at which one can start
cleaning the beam halo for the largest inner electron-beam radius achievable is shown in figure 5.
This is computed as a function of the proton-beam energy, assuming a constant electron beam size
at a compression factor of 1.1. The HEL design allows, for example, cutting the tails at 4.5𝜎 at

– 9 –



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
3
0
4
2

0.5 1.0 1.5 2.0 2.5 3.0
Minimum operating energy [ TeV ]

3

4

5

6

7

8

Be
ta

tro
n 

cu
t [

 si
gm

a 
]

Figure 5. Achievable betatron cut as a function of the proton-beam energy with the minimum electron beam
compression factor of 1.1 (see table 3). Realistic operational scenarios, e.g. cut of the order of 4.0–4.5𝜎 are
within reach already for beam energies smaller than ≈ 1 TeV. Operations at injection are quite aggressive,
though, and only compatible with commissioning tests, as it is not planned to clean down to 3𝜎 the full beam
at injection.

beam energies of about 1 TeV. The maximum cut at 450 GeV is about 3.0𝜎 that is probably too
tight for operation at high intensity, but can be used for HEL commissioning scenarios at injection,
as introduced above.

4 Design of the HL-LHC lenses

4.1 Overall design

The overall design of the HL-LHC HEL is shown in the 3D view in figure 6. A cut view showing the
cross section of the key components is given in figure 7. The design is based on superconducting
magnets operating at 4.5 K. The magnet system is built around a warm vacuum chamber with a
60 mm inner diameter and is designed to steer and stabilize a 5 A, 15 keV electron beam that interacts
with the proton beam over a distance of 3 m. The 5 T solenoid field in the HEL straight section
is produced by two identical magnets, with a gap in between for beam diagnostic purposes (see
section 4.5). Tilted solenoids located at both sides of the main ones are used to steer the electron
beam on, and out, of the proton beam.

An S-shape design, with electron beam generation and disposal systems located at opposite
sides of the proton beam, is adopted for the HL-LHC. Contrary to the U-shape design adopted
in other colliders, like the Tevatron [19] and the RHIC [36], the HL-LHC design ensures a self-
compensation of asymmetries in the electromagnetic fields experienced by the circulating proton
beam at the entrance and exit of the electron beam. This is important to minimize the effect on the
beam core of the pulsed-beam operation needed at the HL-LHC. A disadvantage of this design,
however, is that the transverse component of the magnetic field generated by the two steering
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Figure 6. Design of the HL-LHC hollow electron lens. The gap between the two main solenoids houses
diagnostics not shown in this figure (see section 4.5).

Figure 7. Cross section of the HEL showing the key sub components.

solenoids adds up and results in a net vertical kick for the proton beam. This requires a dipole
magnet (visible on the left side of the drawings in figure 6 and figure 7) that compensates this kick.

4.2 Magnet system

The magnetic system for the electron beam stabilization, adiabatic magnetic compression, transport,
steering, and optimization is one of the key components of the HEL. The HEL magnet system is
housed in a cryostat designed to operate at a nominal pressure of 1.3 bars, compatible with a
maximum of 3.5 bars, (see section 4.3) and to use 4.5 K saturated liquid helium II.
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Table 4. Main parameters of the HEL magnets.

Super-conducting magnet Main solenoid Correctors Compensator
Magnetic field orientation Axial Horizontal Vertical Vertical
Number of magnets 2 7 7 1
Inner coil radius, mm 90 125 120 61
Outer coil radius, mm 111 129.4 124.4 73
Coil length, mm 1500 488 488 ≈ 1000
Layers number 20 4 4 2
Turn number/layer 909 24 24 8
Total turn number 18180 96 96 150
Operating current 𝐼, A 330 120 120 220
Central field, T (self) 5 0.08 0.08 0.74
Stored energy, kJ 455 0.053 0.053 2.8
Inductance, H 7.73 0.00739 0.00734 0.115

The most demanding magnet is the 5 T main solenoid, with a 180 mm inner bore diameter,
split in two sections of 1.5 m length (see figure 6) to allow some space at the centre of the straight
interaction region for diagnostics as well as to reduce the individual magnet stored electromagnetic
energy to less than 500 kJ. The strong magnetic field in the straight section of the HEL assures that
a small electron beam size and optimal electron beam stability can be achieved through fast Larmor
oscillations around magnetic field lines. The requirement of the straightness of the solenoid field
lines is set to Δ𝑥,𝑦 ≈ 0.15 mm, and allows preventing deviations of the electron beam trajectory
larger than a fraction of the proton transverse beam size. This imposes a very small relative
transverse field deviation of 10−4.

Two tilted solenoids are used for the e-beam bending, and the sum of their vertical kicks is
cancelled by the dipole compensator installed at the collector side of the HEL (see figure 6). The
compensator reaches integrated dipole fields up to 0.4 T m. The HEL design includes the ability
to adjust the electron trajectory to the straight line of the proton orbit using the upstream position
(controlled by gun correctors) and angle corrector along the main solenoids, in both horizontal
and vertical planes. The strength requirements of each of the six longitudinal individual dipole
correctors is currently set at 0.125 T mm/A with a self peak field at 76 mT that allows moving the
electron beam trajectory by ±3 mm in the 5 T main solenoid field. The list of other smaller circuits
for the electron beam steering is given in table 4.

The gun solenoids require a maximum design current of 320 A for a peak field of 4.5 T that
can be tuned in the 0.2–4 T field range as function of the energy of the proton beam, achieving
an adiabatic compression ranging between 1.1 and 5, with the target value of 3.7 (see table 3).
An illustration of the planned circuit scheme is given in figure 8, with the types of planned power
converters and the circuit protection approach. Dedicated energy extraction systems are planned for
the quench protection of the main solenoids, of the gun and bending solenoids and of the dipolar
orbit compensator (blue in figure 8). The other circuits do not require energy extraction.

The solenoid coils are made of a rectangular insulated Nb-Ti conductor wires with insulated
dimensions of 1.65 × 1.05 mm2 (filaments in copper matrix) The insulation thickness is 0.02 mm.
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Figure 8. Circuit overview for the present HEL magnetic system. Courtesy of S. Yammine, CERN, for the
Magnet Circuit Forum (MCF).

The wire has a 805 A critical current at 4.2 K and 5 T and a Cu/super-conductor surface ratio of
4. The packing factor is 0.85. The cable shall be wrapped in a polyimide film of an equivalent
0.03 mm thickness. It is expected that the final insulation details shall be fixed with manufacturers.

The total stored energy in the solenoids is about 1.1 MJ. The results of a simulation of the
quench process in the coils of the main solenoids show that, after the quench detection and after
switching off the power supply, one can allow most of the energy to be dissipated in the coil and
a fractional amount of up to 15% into the energy extraction dump resistor in less than 2 s. In this
case, the temperature of the hottest spot in the coils will be kept below 120 K. Details of the quench
protection system are being finalized.

4.3 Cryogenics system

From the point of view of the integration in the LHC cryogenics system, the HEL is comparable
to the stand-alone magnets that are used in the matching sections in the various LHC points [1].
The HELs will be cooled at 4.5 K and one of the driving arguments to install them in the LHC
straight section around Pt4 is the availability of an adequate cryogenic system in this area that can
be adapted to the HEL needs.

From the cryogenic point of view, the different solenoid magnets and correctors are installed
in a vacuum-insulated cryostat and immersed in a bath of saturated liquid helium at 4.5 K. Different
cryostats, all connected to the same cryogenic distribution line, are needed (see figure 7): (1) a
central one, split in two, includes the main solenoids, the tilted steering solenoids and the corrector
magnets in the straight part; (2) one for the gun magnet and its corrector magnets; (3) one for
the dipole compensator and the collector solenoid (see also figure 10). All the superconducting
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Figure 9. Schematic view of the cryogenic distribution lines planned for the HEL.

magnets are electrically fed with the so-called conduction-cooled current leads. Figure 9 shows the
current cryogenics circuit scheme and connections to the cryogenic ring line (QRL) of the LHC [1].

The main feeding line (called header C) provides super-critical helium, which is expanded in a
Joule-Thomson valve. The expanded helium line (CS line) feeds the cryostats with saturated liquid
helium. The helium gas, resulting from the expansion of the pressurized liquid helium, is recovered
via a gas collector, which is itself connected (Line D) to the QRL header D used to recover cold
gas from all other devices in Pt4. The line D protects the cryostat from any pressure back-filling by
using a combination of a valve, a check valve and a pressure switch. During the cool-down phase,
a parallel second feeding line (Line CS1) will be used to control the temperature gradient of the
cryogenics magnets.

A thermal shield circuit is also foreseen. This circuit is connected with the QRL and is used
also as thermal intercept of the conduction cooled current leads. A regulation valve controls the
outlet temperature. The design of the cryostat allows a maximum pressure of 3.5 bar. A pair of
safety devices will protect the helium circuits at this level of pressure. The total helium inventory
is at about 40 kg of liquid He at 4.5 K under stable conditions (4.5 K, 1.25 bar).

4.4 Electron-beam generation and disposal

The cross section of the HEL transitions dedicated to the electron beam injection in and extraction
from the region of interaction with the proton beam is shown in figure 10. The HEL gun and
collectors are evidently part of the primary LHC vacuum and thus particular care must be taken to
ensure that they are properly conditioned prior to hadron-beam operations, and that in all operating
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Figure 10. Cross section of the transitions at the incoming (right) and outgoing (left) sides at the electron
beam path.

scenarios they do not compromise the beam performance from the vacuum point of view. For
possible replacements of the gun during early technical stops or — if unexpectedly needed — during
the run, vacuum valves are planned immediately downstream of the gun solenoid and upstream of
the collector, just at the end of the straight interaction region between protons and electrons.

The 3D drawing of the thermionic gun is shown in figure 11. The development of high current-
density cathodes is important for the HL-LHC HEL in order to keep reasonably moderate magnetic
compression factors while aiming at small electron beam sizes. Details of the gun developments are
discussed in a companion paper in this newsletter [37]. Initial designs for the HL-LHC HELs gun
started from the state-of-the-art gun developed at Fermilab for collimation studies, under the scope of
US-LARP and relied on a cathode with a 6.75 mm inner radius that was tested extensively [38]. The
present HL-LHC design uses a new, smaller cathode made of impregnated scandate, developed by
Beĳing Vacuum Electronics Research Institute (BVERI) in collaboration with CERN. The cathode
has a 4.05 mm inner radius and a 8.05 mm outer radius, and is capable to deliver current densities
larger than 0.4 A/mm, exceeding the 5 A target output current with a 10 kV extraction voltage, at an
operating temperature of about 900 degrees.

The cathode lifetime should be sufficient to ensure at least one full year of operation of the
HL-LHC without replacements. Assuming the typical figure of about 200 days of operation per
year [28], one requires a lifetime of about 5000 hours. This figure is quite pessimistic as it assumes
continuous operation of the cathode. Note that the cathodes being developed for the HL-LHC have
been tested during 10000 hours without significant performance degradation and thus fulfil the
HL-LHC requirements. In fact, it is expected that they might be operated for several years without
replacement, assuming a realistic figure of ≈ 50–60% duty factor if, for example, HEL are used
continuously only during the collision process.

The gun design is shown in Figs 11 and 12. Compared to the initial design, it has been made
significantly more compact in order to simplify the design of the superconducting solenoids at the
electron beam generation that surround the gun [37]. A longer structure than in the initial design is
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Figure 11. Cross section of the HL-LHC thermionic gun, optimized for the small cathode design with outer
radius of 8.05 mm, from [37].

Figure 12. 3D view of the HEL gun.

adopted in order to position the cathode in the longitudianl centre of the gun solenoid. The design
of the ceramic parts (see yellow rings in figure 12) and connections have been optimized in order
to maximize insulation and heat exchange. This will avoid overheating of the ceramic while the
cathode is kept at its operating temperature, which in previous designs had caused vacuum concerns.
Tests with a final prototype based on this design are expected by mid 2021.

The electron beam collector is shown in figure 13. It is designed to sustain, without damage and
with limited temperature increase, a continuous operation of the electron beam at 15 kV in DC mode,
for a total power of 75 kW. This criterion is very pessimistic, as electron beam simulations [39]
indicate that at maximum current, the electron beam energy is not expected to exceed 12 keV,
for a maximum of 60 kW. Furthermore, it is planned to bias the electrodes at the entrance of the
collector, to reduce the energy deposited to the collector, the secondary electron emission (therefore
maximizing the electron efficiency) and the gas induced desorption (to guarantee best vacuum
performance). Engineering margins on the design are being finalized, taking into account that the
duty factor in operation might be significantly lower than unity for several considered powering
schemes [40] and that the possibility to add a bias voltage to decelerate the electron beam before it
reaches the collector is planned.

The components exposed to the beam are made of copper, which is water cooled through the
scheme shown in figure 13. A small solenoid is added at the end of the electron path, downstream
of the vacuum sectorization valve and just upstream of the collector (see left graph in figure 10). It
maintains small beam sizes in the aperture-critical transition region and equalizes the distribution
at the exit with respect to the incoming beam, for optimum compensation in the S-shaped design.
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Figure 13. Design of the HEL collector: 3D view of the full assembly (left) and detail with the piping for
the water cooling system (right). The conical component at the end of the collector (light red) is a barrier
electrode that prevents electrons reaching the downstream vacuum equipment.

Figure 14. Preliminary design of the BGC monitors installed in the middle of the HEL, between the two main
solenoids, to measure at the same time 2D profiles of the proton and electron beams: 3D view showing the
integration between the magnet cryostat (left) and cut view of the transverse cross section (right). Courtesy
of I. Papazoglou and G. Schneider, CERN, SY-BI.

4.5 Electron-beam instrumentation

The operation of the HEL relies on a novel beam gas curtain (BGC) monitor, developed to measure
at the same time the transverse profiles of the hadron and electron beams and feedback on the
relative centring of the two beams. This instrument relies on the fluorescence induced by the beams
interacting with the gas. A nozzle is used to inject at high-speed a thin sheet of gas — the “curtain”
— in the middle of the HEL. The current integration of this instrument is shown in figure 14. The
appropriate gas species to be used is still being discussed, and the final choice (between Neon or
Nitrogen) will follow tests with proton beam that are planned in the LHC Run 3.
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Two Beam Position Monitors (BPMs) per HEL are foreseen to be placed at the beginning of
the first main solenoid and at the end of the second. They will measure the position of both electron
and hadron beams, and the angle between the injection and extraction of the electron beam. Efforts
are being made, by investigating both the BPM design and the modulation scheme, to be able to
use the same electronics for both electron and hadron measurements, so to provide a good accuracy
in the relative position and assist the steering of the electron beam injection. The type of BPM
selected is a strip-line type, given its higher sensitivity to low frequency signals. Efforts are being
made, by investigating both the BPM design and the modulation scheme, to be able to use the same
electronics for both electron and hadron measurements, so to give a good accuracy in the relative
position and assist the steering of the electron beam injection.

In addition, one beam loss monitor (BLM) will be installed for each HEL device. No local
hadron-beam losses are expected to be caused by the HEL itself, since the small kick experienced at
each passage by the halo particles causes an enhanced diffusion that translates into losses at the Pt7
primary collimators. The BLMs are used to protect the HEL, and will detect unexpected local beam
losses on the HEL aperture, avoiding accidents by triggering a hadron-beam abort if pre-defined
loss thresholds are exceeded.

The HL-LHC upgrade also includes the installation of two coronagraph devices [41] for the
measurements of beam halos. These instruments use the LHC synchrotron light telescopes to
measure beam-halo populations at a level of 10−5. During the 2015-2016 winter shut-down period,
one of the two LHC synchrotron light monitor systems was equipped with a prototype beam-halo
monitor, based on the Lyot coronagraph, classically used in astrophysics telescopes to observe the
sun’s corona. This first prototype has been designed as a demonstrator system aimed at resolving
a halo-core contrast in the range 10−3 to 10−4, with the final aim to achieve 10−5. This instrument
will be able to resolve the beam halo scraped by the HEL and provide feedback on its operation.

4.6 Tunnel integration

The integration aspects of the installation of the HEL in the LHC Pt4 were addressed in detail
early on in the project. Finding adequate space for these new devices, including what is required
for services, was evidently one important step prior to the inclusion of this item in the HL-LHC
baseline. The final longitudinal positions were introduced in section 2. The present 3D views of
the two HEL locations for Beam 1 and Beam 2 are shown in figure 15, top and bottom panels,
respectively. The HELs are installed close to the “dogleg” dipoles in Pt4, on the IP4-side where
the inter-beam distance is at its maximum value of 420 mm [1]. The orientation of the two HELs is
mirror-symmetric on the left (Beam 1) and right (Beam 2) sides of the IP4, as the electron beams
travel on the opposite direction of the clockwise Beam 1 and anti-clockwise Beam 2.

5 Expected performance

Let us define the beam halo as the fraction of the circulating beam above 𝑟1, while the beam core
is represented by the portion of circulating beam surrounded by the electron beam. The HEL
performance is defined by the combination of halo removed and side effects on the beam core, i.e.
the larger the fraction of halo removed without inducing a beam-core blow-up, the better the HEL
performance.
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Figure 15. Integration drawings for the HEL of Beam 1 (top, left side of Pt4) and of Beam 2 (bottom, right
side of Pt4). Both lenses are installed immediately downstream — along the beam direction — of one of
the two dogleg dipoles (red in the figures) that increase the inter-beam distance from 194 mm to 420 mm [1].
Courtesy of J. Oliveira and P. Fessia, CERN, ATS-DO, for the HL-LHC WP15.

The HEL performance assessment relies on multi-turn tracking simulations carried out with
SixTrack [42–46] that allows a symplectic, fully chromatic, and 6D tracking along the magnetic
lattice of the machine, taking into account interactions with the ring collimators and the detailed
aperture model of the entire ring. The code has been compared to LHC data in a number of
studies [4, 7, 11, 47–50] with excellent agreement. HELs are integrated in the lattice as magnetic
elements [51, 52] and their effect on the beam can be modelled using different electron beam
kicks (earlier studies can also be found in [53, 54]). Dynamic Aperture (DA) simulations and
Frequency Map Analysis (FMA) are faster than complete halo-depletion simulations. Thus, DA
and FMA studies were initially carried out to explore the available parameter space of relevant
parameters (machine configuration in terms of chromaticity and Landau octupole settings, electron-
beam parameters) and to guide the choice of a subset of promising HEL configurations. Then,
detailed estimates of tail depletion and estimates of the impact on the core were derived for these
selected subsets of cases only. A complete overview of the results obtained is reported in [40] and
goes beyond the scope of this paper. Nevertheless, the main conclusions that can be drawn from
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those studies are reported below. Earlier simulations of the effects on the core and experiments in
the LHC using the transverse feedback system to mimic the residual kicks of an electron lens were
published in ref. [55].

5.1 Electron-pulse patterns

The electron beam can be switched on and off with different patterns on a turn-by-turn basis deter-
mining the effect on both core and tails of the circulating beam distribution. Possible modulation
structures that have been considered are:

• Continuous (DC): the electron beam is switched on at every turn with the same electron beam
current (it is nevertheless switched off in the abort gap, as mentioned in section 3.2).

• Pulsed (𝑃𝑖
𝑗
): the electron beam is switched on with a given current for 𝑖 turns and then off

for 𝑗 turns.

• Random (𝑅𝑝): the electron beam is randomly switched on for one turn with a probability
𝑝 ∈ (0, 1). The current if the HEL is switched on is the same for the different turns.

• Random current (𝑅𝐼 ): the electron beam is switched on at every turn, but the current is
randomly changed on a turn-by-turn basis according to a uniform distribution of values
between 0 A and 5 A.1

Examples showing the excitation profile in time for the different schemes are reported in figure 16.
Note the pulsed pattern 𝑅𝐼 is the most challenging from the hardware point of view, and, although
other patterns featuring changes of electron beam current could be envisaged, one of the main aims
is to identify the best compromise between required HEL performance and hardware feasibility.
Also, note that the duration of the electron pulses can be adjusted to cover a different number of
HL-LHC bunches (see table 3) but this has no effect in these studies that are done for single bunches
(real machine losses will have to be scaled according to the number of excited bunches).

5.2 Halo-depletion

The most efficient mode of operation is 𝑅𝑝 thanks to its spectral content (white noise). This means
that resonant kicks are given to all particles above 𝑟1, enhancing their diffusion speed towards
primary collimators. On the other hand, this implies that resonant kicks are given also to the beam
core if the residual field is non-zero, possibly leading to a significant emittance blow-up, as discussed
in section 5.3. Studies were performed to define margins on both the electron beam current and the
probability to be switched on at each turn, which can provide a very useful mitigation measure in
case of limitations on the current delivered by the electron gun, power deposition on the electron
collector, or large residual field on the beam core [40]. An almost complete halo removal after
about 100 s is expected using the pulse 𝑅0.5 with 5 A electron beam current and 𝑟1 = 5 𝜎, as shown
in figure 17a. The random excitation remains effective also at lower electron beam currents. For

1Previous studies, see for example [53], considered a similar excitation based on turn-by-turn variations of the electron
beam current, modulated at frequencies close to that of the betatron tune. The study reported here explores only the
random mode. It has been assessed that fast, turn-by-turn changes of the electron beam current are complex at the
frequencies of interested so, as discussed below, the interested will be focused on Pulsed and Random modes.
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Figure 16. Examples of HEL pulsing pattern: (a) DC, (b) 𝑅0.5, (c) 𝑃14
9 , (d) 𝑅𝐼

example, operating the lenses with this pulsing scheme but at currents 2–3 times lower than the 5 A
design value could be a likely scenario to mitigate effects on the core in case of residual fields.

A generalized approach in the definition of a deterministic pulsing pattern allowed identi-
fying the innovative and promising pattern 𝑃14

9 , which could significantly enhance halo removal
performance with respect to the DC excitation, as shown in figure 17a.

The halo depletion with the pulse 𝑅𝐼 is equivalent to the one obtained with 𝑅0.5 and 𝐼e = 3 A,
indicating that from the halo removal point of view there is no need to search for complex hardware
solutions to make the pulse type 𝑅𝐼 feasible [40].

5.3 Impact on beam core

The initially estimated residual kick in the centre of the hollow electron beam is about 5 nrad and
below 0.1 nrad in the vertical and horizontal planes, respectively [56], with the current HL-LHC
HEL design. This is prior to a final optimization of the magnetic system design [39]. Hence, only
the vertical residual kick was simulated, being the dominant contribution. Note that the acceptable
continuous emittance blow-up in HL-LHC is below 0.05 μm/h [28].

A negligible emittance growth is found for the pulses DC and 𝑃14
9 , as shown in figure 17b,

within the error estimated for a simulation time of 1000 s. On the other hand, an emittance blow-up
of a factor about 100 larger than the tolerated one is observed for the pulse 𝑅0.5, even if the strength
of the residual kick is reduced to 1 nrad. The growth is visible only in the vertical plane, as expected
because in these simulations the linear coupling is perfectly corrected. Effects of a realistic linear
coupling correction are discussed in detail in [40].
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Figure 17. (a) Estimate of the expected beam halo removal after 100 s for various HEL pulsing pattern.
(b) Emittance evolution for different HEL pulse patterns. Solid and dashed lines represent the expected trend
in the vertical and horizontal planes, respectively.

It is important to find possible mitigation strategies to enable the use of 𝑅𝑝, as it provides the
best halo removal performance. Thus, parametric studies were carried out, also with the aim to
provide input on required magnetic design quality and the maximum acceptable residual kick on
the beam core.

Margins on electron beam current and on probability to be switched on have been exploited and
combined with the effect of the transverse active damper (ADT) that is present in the LHC [57]. An
optimized HEL magnetic design with a residual kick below 3 nrad would make even a continuous
use of 𝑅𝑝 possible when the beams are not colliding [40], according to our simulations. On
the other hand, when beams are colliding the tune spread is dominated by head-on beam-beam,
which reduces significantly the emittance-growth suppression achievable using the ADT, essentially
making it impossible to use the 𝑅𝑝 pulse. The use of the DC pulsing is demonstrated in all cases to
have negligible effects on the core over long times and is being considered for continuous operation
during collisions in case of unexpected effects when using other excitation modes. Note that the
DC powering was also the operational mode adopted successfully in hollow electron beam tests at
the Tevatron [29].

5.4 Next steps on HEL performance studies

Some additional factors must be taken into account to refine the possible operational scenarios that
have been defined for the use of HEL in HL-LHC, such as pulse-to-pulse stability of the electron
beam, linear coupling, and dependence on the betatron tune, which goes beyond the scope of this
paper and can be found in [40].

Of course, the HL-LHC operational cycle, lattice and optics configurations are still evolv-
ing [21]. On the other hand, no significant changes are expected for non-colliding beams in the
overall results presented here, because strong non-linearities are present in the lattice used, which
are the main driving term of HEL performance. The tune footprint is significantly affected by
head-on beam-beam and certainly one imminent follow up is to demonstrate the effectiveness of
the DC and 𝑃𝑖

𝑗
pulsing schemes taking beam-beam effects into account.
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6 Conclusions

Hollow electron lenses will be installed in the LHC in the long shutdown 2025–2027 as part of
the HL-LHC project. Together with other upgrades of the collimation system, they are designed
to improve the performance of the HL-LHC, which aims at doubling the LHC design stored beam
energy. The HL-LHC HELs are designed to enable efficient cleaning of beam tails of the ultra-high
intensity hadron beams planned for the HL-LHC. High-current electron beams, with different
possible pulsing patterns, are used to dispose of halo particles in a controlled way, which otherwise
will populate the phase space close to the aperture of the primary collimators of the betatron
cleaning system. These large-amplitude particles do not contribute significantly to the luminosity
performance of the collider, but pose a significant threat to the availability of the accelerator: loss
spikes might be induced by small shifts of the circulating beam orbit and machine equipment might
even be put at risk of damage in case of fast beam losses.

The HL-LHC HELs are designed to provide high current-density electron beams with inner
radius as small as 1.1 mm and maximum design current of 5 A. These beams are steered and
stabilized thanks to a complex system of superconducting magnets, based on 5 T main solenoids
and various other smaller solenoids and dipole correctors. Different time profiles for the electron
beam powering are possible, offering a large flexibility to act on the variety of beam filling schemes
considered for the HL-LHC.

The DC powering mode for the electron beam, possibly pulsed in the abort gap or between
trains depending on the number of bunches that the HEL needs to act on, is fully transparent for
the circulating beam core. This is the case even in the presence of a residual field in the hollow
electron beam centre. On the other hand, our simulation studies raised the concern that this DC
mode might not provide sufficiently fast tail depletion rates in all required operational scenarios,
and specifically with non-colliding beams at top energy. Other pulsing schemes have therefore been
studied considering different turn-by-turn modulations. These risk to cause core emittance blow
up for non-ideal hollow beams, where the field in the centre of the annual electron distribution is
non-zero. Various pulsing schemes were investigated in simulations to mitigate this risk. Our study
allowed devising operating schemes with minimum risk to induce beam-core emittance blow up.
The study will continue and be extended to the case of colliding beams. At the same time, the
hardware must be optimized to minimize the residual field experienced by the hadron beam core.
A preliminary threshold for the acceptable residual dipole field was defined for the most aggressive
powering schemes.

These studies will be used to finalize the overall design of the HL-LHC HELs. It is currently
planned that these devices will be built at the Budker Institute for Nuclear Physics (BINP) as an
in-kind contribution to the HL-LHC project.
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