
LHeC (HL or HE), FCC-eh
and its test facility, PERLE

R. Tomás, D. Pellegrini and M. Klein
for the LHeC Machine Study Group

July 17, 2017



The Large Hadron Electron
Collider

http://lhec.web.cern.ch

ERL facility to provide electrons for
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Road beyond Standard Model	

At	the	energy	fronDer	through	synergy	of	

	

hadron	-	hadron		colliders		(LHC,	(V)HE-LHC?)	

lepton	-	hadron				colliders		(LHeC	??)	

lepton	-	lepton					colliders		(LC	(ILC	or	CLIC)	?)
	

Next	decades	

LHC	results	vital	to	guide	the	way	at	the	energy	fron4er	

Rolf	Heuer	at		
Aix	Les	Bains	
	1.	10.	2013	



Eucard WS - Firenze 

Full exploitation of the LHC:  
q  successful operation of the nominal LHC (Run 2, LS2, Run 3)  
q  construction and installation of LHC upgrades: LIU (LHC Injectors Upgrade) and HL-LHC 

Scientific diversity programme serving a broad community: 
q  current experiments and facilities at Booster, PS, SPS and their upgrades 
     (Antiproton Decelerator/ELENA, ISOLDE/HIE-ISOLDE, etc.) 
q  participation in accelerator-based neutrino projects outside Europe (presently  
    mainly LBNF in the US) through CERN Neutrino Platform 
 
Preparation of CERN’s future: 
q  vibrant accelerator R&D programme exploiting CERN’s strengths and uniqueness  
    (including superconducting high-field magnets, AWAKE, etc.)  
q  design studies for future accelerators: CLIC, FCC (includes HE-LHC) 
q  future opportunities of scientific diversity programme (“Physics Beyond Colliders” Study Group) 

CERN scientific strategy: 3 main pillars  

Important milestone: update of the European Strategy for Particle Physics (ESPP),  
to be concluded in May 2020 

F. Gianotti, 2017
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Machine Parameters - ep

EDMS 17979910 FCC-ACC-RPT-0012 V1.0, 6 April, 2017

Table 1: Baseline parameters and estimated peak luminosities of future electron-proton
collider configurations for the electron ERL when used in concurrent ep and pp operation
mode.

parameter [unit] LHeC
CDR

ep at
HL-LHC

ep at
HE-LHC

FCC-he

Ep [TeV] 7 7 12.5 50
Ee [GeV] 60 60 60 60√
s [TeV] 1.3 1.3 1.7 3.5

bunch spacing [ns] 25 25 25 25
protons per bunch [1011] 1.7 2.2 2.5 1
γεp [µm] 3.7 2 2.5 2.2
electrons per bunch [109] 1 2.3 3.0 3.0
electron current [mA] 6.4 15 20 20
IP beta function β∗

p [cm] 10 7 10 15
hourglass factor Hgeom 0.9 0.9 0.9 0.9
pinch factor Hb−b 1.3 1.3 1.3 1.3
proton filling Hcoll 0.8 0.8 0.8 0.8
luminosity [1033cm−2s−1] 1 8 12 15

3.2 Simulation of the FCC-eh Performance

For the FCC-hh, two different parameter sets have been defined, the baseline and the
ultimate set. Hence we give parameters for the baseline and comment on the ultimate
set also. It should be noted that the FCC proton beam parameters vary during a run.
The protons emit synchrotron radiation, which reduces their emittance εp. Their number,
Np, decreases as they are destroyed colliding in the main experiments. Hence the proton
beam size and intensity change during the run, which leads to a weak variation of the
luminosity.

The electron current is distributed into bunches with a default spacing of 25 ns, leading
to N = 3 · 109 particles per bunch. Studies of the beam stability showed that a charge of
N = 4 · 109 is still stable.

The electron beta-function and the position of the electron beam waist are the a
result of the overall optimisation of the collision that affect the product HgeomHb−b. This
optimisation is dominated by the strong beam-beam forces. In general, smaller electron
emittance lead to larger luminosity.

The electron beam emittance from the source can be of the order of εe ≈ 1 µm. In the
arcs of the recirculating electron linac, the horizontal emittance will increase by about
7.5 µm and only by 0.8 µm in the vertical. We set a target of εe = 10 µm at the collision
point in both planes. The possibility to collide with flat electron beams remains to be
studied.

The collision of the two beams has little impact on the proton beam. The electron
bunch charge is quite small and the proton energy is high. However, the electron beam
is strongly affected by the proton beam. The proton bunch contains a large number
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1034 allows to collect ∼1 ab−1 necessary to study the Higgs in
many channels with kinematic cuts (σe+p→H+X ≈ 200 fb).
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The electron beam emittance from the source can be of the order of εe ≈ 1 µm. In the
arcs of the recirculating electron linac, the horizontal emittance will increase by about
7.5 µm and only by 0.8 µm in the vertical. We set a target of εe = 10 µm at the collision
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Performance in FCC-eh

EDMS 17979910 FCC-ACC-RPT-0012 V1.0, 6 April, 2017

of particles and the electron energy is not very high. During the collision the electron
bunch is focused by the protons, which leads to an important reduction of the transverse
electron beam size. As a consequence the luminosity is larger than for rigid beams. Also,
the conventional matching of the sizes of the two beams would not work because the
electron bunch size is changing by a factor of two or so during the collision. Hence,
we simulated the beam-beam effect with GUINEA-PIG [16]. We varied the longitudinal
position of the waist and the beta-functions for optimum luminosity.

Finally, the factor Hcoll is given by the fraction of electron bunches that collide with
a proton bunch. Only 80% of the FCC-hh circumference is filled with proton bunches,
hence 20% of the electron bunches will not collide with a proton bunch. This leads to
a collision factor Hcoll = 0.8. Depending on the filling pattern of the proton ring it
could be possible to use an electron beam bunch pattern that has no bunches in non-
colliding positions. This would reduce the rate of electron bunches by 20 % and allow
to increase their charge by 25 %. The luminosity would increase by 25 %. However, we
do not assume this option in the baseline. Accelerating the non-colliding bunches may
be useful for limiting the fluctuations of the RF power stored into the linacs. A small
fraction of non-colliding bunches is known to be of interest also for the understanding
of backgrounds and the detector response. The bunch distribution of the electron beam
could be affected by another process. The electron beam ionises the rest gas in the linacs
and arcs. The positive ions may then be trapped in the electron beam which can lead to
an instability [5]. The instability can be suppressed by introducing a gap in the electron
beam. During the passage of this gap the ions will be lost [5].

The result of the simulation study is summarised in Tab. 2. They are in good agreement
with the rough estimate presented above (Tab. 1).

Table 2: Parameters and estimated peak and integrated luminosities of the FCC-he,
when the 50 TeV proton and the 60 GeV ERL electron beams collide, in an operation
mode where simultaneously pp data may be taken.

Parameter Unit Protons Electrons
Beam energy GeV 50000 60

Normalised emittance µm 2.2→ 1.1 10
IP betafunction mm 150 42→ 52

Nominal RMS beam size µm 2.5→ 1.8 1.9→ 2.1
Waist shift mm 0 65→ 70

Bunch population 1010 10→ 5 0.31
Bunch spacing ns 25 25

Luminosity 1033cm−2s−1 18.3→ 14.3
Int. luminosity per 10 years [ab−1] 1.2

Page 10
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electron-ion collider con�gurations
EDMS 17979910 FCC-ACC-RPT-0012 V1.0, 6 April, 2017

Table 3: Baseline parameters of future electron-ion collider configurations based on the
electron ERL, in concurrent eA and AA operation mode.

parameter [unit] LHeC (HL-LHC) eA at HE-LHC FCC-he
EPb [PeV] 0.574 1.03 4.1
Ee [GeV] 60 60 60√
seN electron-nucleon [TeV] 0.8 1.1 2.2

bunch spacing [ns] 50 50 100
no. of bunches 1200 1200 2072
ions per bunch [108] 1.8 1.8 1.8
γεA [µm] 1.5 1.0 0.9
electrons per bunch [109] 4.67 6.2 12.5
electron current [mA] 15 20 20
IP beta function β∗

A [cm] 7 10 15
hourglass factor Hgeom 0.9 0.9 0.9
pinch factor Hb−b 1.3 1.3 1.3
bunch filling Hcoll 0.8 0.8 0.8
luminosity [1032cm−2s−1] 7 18 54

5 Summary

Table 1 summarises the current choices of the parameters for the available energy frontier
ep collider configurations at CERN. All are based on the racetrack, multi-turn ERL as
the default choice for the electron accelerator, and in each case it is assumed that ep
and pp were operated at the same time. The ERL technology is worldwide under intense
development and a design concept is about to be published [9] for demonstrating the
main choices of the specific ERL configuration which is the base for the here sketched ep
colliders.

The LHeC was originally designed to achieve about 1033 cm−2s−1 luminosity. With the
discovery of the Higgs boson an update to increased luminosity had been initiated which
is under way. Using the HL-LHC and increasing Ie at somewhat diminished βp moved the
luminosity to close to1034 and an integrated luminosity of O(1) ab−1 appears as realistic,
ultimate goal for a decade of LHeC operation.

If the HE-LHC was built, it would boost the ep cms energy of the LHeC to nearly
2 TeV, beyond the acceptance limit for leptoquarks at the LHC. The luminosity would be
as large as 1034. For the FCC-he the parameters as discussed above would enable a peak
luminosity of O(1034) too. An interesting option is the possibility to achieve luminosities
of O(1035) in dedicated ep operation with enhanced efficiency for the proton beam lifetime
would not be reduced by pp collisions.

If the FCC was operated in the ultimate mode, Np would be reduced by a factor of
5 but the emittance by more than fivefold also, such that the proton beam brightness
stayed about the same. If for the ultimate FCC-pp the bunch spacing was kept at 25 ns
one thus would also reach L = O(1034). Lower values came out, however [14], if ∆ = 5 ns

Page 12
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ERL baseline design

Recombiner 38m
+ Matching 20m

Linac2 1008m IP Line 196m 

Bypass

Linac1 1008m RF Compensation
+ Doglegs
+ Matching 120m

RF Compensation 
+ Doglegs
+ Matching 96m

Spreader 38m

Spreader 38m Recombiner 38m

Arc1,3,5 3142m Arc2,4,6 3142m

Dump

Injector

CW operation: bunches are continuously injected and extracted
from the racetrack.

Bunches at di�erent number of turns (accelerating and
decelerating) are interleaved.

Integer fraction of the LHC length (1/3) so that a gap for ion
clearing does not shift with respect to the proton beam.



Two Superconducting Linacs
Each 1 km long, providing 10 GeV acceleration

802 MHz RF, 5-cell cavity:

λ 37.38 cm

Lc (5λ/2) 93.45 cm

Gradient 18 MeV/m

Quadrupole strength

Optimised for:∫
β

E
ds

to reduce im-
pact of wake-
�elds.



RF frequency and Bunch Pattern
LHC bunch spacing requires bunch spacing with multiples of 25 ns
(40.079 MHz).
Available designs:

SPL & ESS: 704.42 MHz

ILC & XFEL: 1.3 GHz

Chose 801MHz (h = 20) for bucket matching in the LHC and for
synergies with FCC.
Not a 6-fold multiple of 25 ns. Spacing in linac is a bit irregular.

20 λ = 25 ns

t

1 112
7 λ

3
6 λ 7 λ

45 6

Max separation between the bunches at 1st and 6th turn to mitigate
wake�elds.



Arcs - Flexible Momentum Compaction

1 km radius for all of them, stacked vertically.

Tunable cells:
Highest energy arcs are tuned to minimize the energy spread
induced by synchrotron radiation,
Lowest energy arcs are tuned to contain the beam size and
compensate for the bunch lengthening.

Possibility for FFAG arcs?
Tracking simulations with strong-focussing combined-function
magnets performed for Arc 6 (on energy: uniform bending)
looked ok.
Need for a full design and experimental validation.



Arcs - Flexible Momentum Compaction

1 km radius for all of them, stacked vertically.

Tunable cells:
Highest energy arcs are tuned to minimize the energy spread
induced by synchrotron radiation,
Lowest energy arcs are tuned to contain the beam size and
compensate for the bunch lengthening.

Possibility for FFAG arcs?
Tracking simulations with strong-focussing combined-function
magnets performed for Arc 6 (on energy: uniform bending)
looked ok.
Need for a full design and experimental validation.



End-to-end Optics
Computed with PLACET2, extracting the optics parameters from the
particles distribution followed from the injector to the dump.
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Interaction Region - LHeC
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Interaction Region - FCC-eh

Factor 2 length and β scale:
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Synchrotron radiation power in
the IR dipoles

Figure 13 shows the radiation power as a function of L�
and the beam separation for three cases: the first case
illustrates the results of scaling the LHeC CDR reported in
[17], the second and third cases illustrate the minimum
distance for the 25 and 50 ns bunch spacings. The reduction
of the synchrotron radiation power for the cases L� > 10 m
is clearly observed.
In order to reduce the amount of synchrotron radiation

hitting the inner triplet a new interesting option with “sweet
spot” magnets [22] is being considered. The possible
integration of this new magnet design may give additional
flexibility to the final lattice design.

VIII. DYNAMIC APERTURE STUDIES

The dynamic aperture (DA), i.e., the largest amplitude of
the domain in phase space where the particle motion is
stable, has been used as a key parameter to specify the
machine performance since the design phase of the
LHC [23].
In this section, DA studies are performed in order to

quantify the impact of nonlinearities (mainly produced by
the strong sextupoles) and validate the LHeC lattice.
The DA was computed by the particle tracking code

SIXTRACK [24] over 105 turns, using a polar grid of initial
conditions distributed in order to have 30 particles for each
2σ interval. Five different values of phase angle have been
used. The momentum offset is set to 2.7 × 10−4 and the
value of the normalized emittance is ϵ ¼ 3.75 μm.
To account for the magnetic imperfections, 60 different

realizations (seeds) of the errors for the LHC magnets have
been assigned. These 60 combinations were produced
using the program WISE [25], which incorporates all known
uncertainties in the magnet error measurement. At the
moment, the errors of the new ITand recombination dipoles
D1 and D2 for IR1, IR2 and IR5 have not been considered,

as well as the errors for the additional quadrupoles Q4, Q5
for the HL insertions IR1 and IR5, since at the time of
this paper the values of these errors remained under study.
The correction techniques for the IR nonlinearities are
given in [26,27].
Studies have already been carried out for the previous

lattice version of the HL-LHC (SLHCV3.1b) for beam 1
[28]. The DA is expected to be different for beam 1 and
beam 2, so a comparison was made between the two beams
for the round optics (βIP1;5 ¼ 15 cm and βIP2 ¼ 10 m) of
the HLLHCV1.0 lattice as shown in Fig. 14.
Figure 15 represents the DA of the HL-LHC with round

optics for beam 2 in comparison to the HL-LHC optics
with the integrated LHeC IR (βIP1;5 ¼ 15 cm and
βIP2 ¼ 10 cm) for the nominal case with L� ¼ 10 m.
The sextupole families for the HL-LHCþ LHeC optics
are stronger than for the HL-LHC optics to compensate a
big amount of chromaticity contributed by the LHeC IR
that causes a clear reduction of the DA.

FIG. 13. Synchrotron radiation power given as a function of L�
and the beam separation in Q1. The black symbols show the cases
for scaling the LHeC CDR, the pink and green symbols (almost
overlaid in the image) show the minimum beam separation for
bunch spacings 25 and 50 ns respectively.
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FIG. 14. Comparison between DA of beam 1 and beam 2 for
the round optics of the HLLHCV1.0 version of the HL-LHC
experiment (βIP1;5 ¼ 15 cm and βIP2 ¼ 10 m) without errors for
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FIG. 15. Comparison of beam 2 DA between the round optics
of the HLLHCV1.0 version of the HL-LHC (βIP1;5 ¼ 15 cm) and
with the LHeC insertion with β� ¼ 10 cm and L� ¼ 10 m in IP2.

CRUZ-ALANIZ et al. Phys. Rev. ST Accel. Beams 18, 111001 (2015)
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E. Cruz et al, Phys. Rev. ST Accel. Beams 18, 111001 (2015)
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IR magnet design

Each triplet consists of three quadrupoles. The design of
these quadrupoles includes a free field aperture for the
proton beam 1 and the electron beam to pass through.
It was initially hoped that a compact Nb3Sn triplet with

L� ¼ 10 m would allow for a normal chromaticity correc-
tion using the arc sextupoles. However after matching this
triplet to the LHC and correcting linear chromaticity the
chromatic β-beating at dp=p ¼ 0.001 is about 100%. This
is intolerable regarding collimation and machine protection
issues [13].
The challenge at this point relied in achieving an optics

that would not only achieve the β� ¼ 10 cm while main-
taining the HL-LHC insertions undisturbed, but that would
also provide a dedicated chromaticity correction scheme.

IV. ATS EXTENSION TO THE LHeC

The implementation of the ATS scheme into the LHeC
IR presents an extra challenge as the LHeC IR is adjacent
to the HL-LHC insertion IR1 and the ATS, as explained
previously, makes use of the adjacent regions for the
telescopic squeeze. This further difficulty adds a constraint

to be taken into account to achieve the reduction of the β� in
the three interaction points.
Following a proposal to integrate the LHeC IR into the

HL-LHC lattice using the ATS scheme [16], a first study
of the required proton optics for the nominal case with
β� ¼ 10 cm and L� ¼ 10 m was presented [17] and it is
further described in this section.
The proton optics in the LHeC IR with the new triplets

was designed to extend the ATS scheme without modifi-
cation of the HL-LHC optics [18] (version HLLHCv1.0 for
round proton beams). In this procedure the arc cells in
sector 23 are exactly adjusted to the phase advance of π=2.
Then the ATS matching conditions for proton beam 2
are imposed for the left and right phase advance of IR2
(with respect to IP2). The LHeC IR provides a β� of about
30 cm at IP2 for beam 2 with no beta beating in the arcs
(presqueezed optics). The transition from the presqueezed
to the collision optics is performed by a telescopic squeeze
using the quadrupoles in IR8, IR3, IR4 and IR6 with no
variation of the quadrupole strengths in IR1, IR2 and IR5 at
this stage. During the transition β waves in sectors 45, 56,
81, 12, and 23 start to build up producing further reductions
in β� from about 30 to 10 cm at IP2 and from 44 to 15 cm at
IP1 and IP5 as shown in Fig. 5. The peaks of the β functions
occur in the inner triplets.

V. FLEXIBILITY OF THE IR DESIGN

The nominal design provides a solution to obtain a β� of
10 cm at IP2 for proton beam 2 with the aid of a new IT at
L� ¼ 10 m. The flexibility of this design is of great interest
because of the benefits that could be obtained in terms of
synchrotron radiation power and luminosity.
This flexibility is studied via two methods. The first one

is exploring the minimization of β�, to obtain an upper limit
of the luminosity. The second one is by increasing L�,
which would result in a minimization of synchrotron
radiation power, since it requires less bending to steer

FIG. 3. Design of the half quadrupole for Q1 (right) and the
normal quadrupole for Q2 (left). These magnets allowed a
separation between the proton beams of 68 mm for the half
quadrupole and of 87 mm for the normal quadrupole [13].

FIG. 4. Focused proton beam 2 (red) colliding with electron
beam (black) while unfocused proton beam 1 bypasses the
interaction. Each proton and electron beam passes through its
corresponding aperture in the inner triplet [15].

FIG. 5. LHeC ATS collision optics for beam 2 with β� ¼ 10 cm
at IP2 and β� ¼ 15 cm at IP1 and IP5.

CRUZ-ALANIZ et al. Phys. Rev. ST Accel. Beams 18, 111001 (2015)

111001-4

Q2 Q1

CDR

B. Parker

New proposal for Q1:

Requires larger xsing angle or L*
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Why not using Crab Cavities?

LHeC full crossing angle is about ≈60 mrad

Example: HL-LHC crossing angle is ≈500 µrad (6.8 MV of CCs
per IP side, per beam). Impedance and emittance growth are a
serious concerns

LHeC would need 120 times more CCs than HL-LHC → 800 MV

R. Tomás et al LHeC (HL or HE), FCC-eh, PERLE. 20/28



Proton optics - Extended ATS

ATS beta-beating wave over 3 arcs to squeeze IP1 and IP2:

Each triplet consists of three quadrupoles. The design of
these quadrupoles includes a free field aperture for the
proton beam 1 and the electron beam to pass through.
It was initially hoped that a compact Nb3Sn triplet with

L� ¼ 10 m would allow for a normal chromaticity correc-
tion using the arc sextupoles. However after matching this
triplet to the LHC and correcting linear chromaticity the
chromatic β-beating at dp=p ¼ 0.001 is about 100%. This
is intolerable regarding collimation and machine protection
issues [13].
The challenge at this point relied in achieving an optics

that would not only achieve the β� ¼ 10 cm while main-
taining the HL-LHC insertions undisturbed, but that would
also provide a dedicated chromaticity correction scheme.

IV. ATS EXTENSION TO THE LHeC

The implementation of the ATS scheme into the LHeC
IR presents an extra challenge as the LHeC IR is adjacent
to the HL-LHC insertion IR1 and the ATS, as explained
previously, makes use of the adjacent regions for the
telescopic squeeze. This further difficulty adds a constraint

to be taken into account to achieve the reduction of the β� in
the three interaction points.
Following a proposal to integrate the LHeC IR into the

HL-LHC lattice using the ATS scheme [16], a first study
of the required proton optics for the nominal case with
β� ¼ 10 cm and L� ¼ 10 m was presented [17] and it is
further described in this section.
The proton optics in the LHeC IR with the new triplets

was designed to extend the ATS scheme without modifi-
cation of the HL-LHC optics [18] (version HLLHCv1.0 for
round proton beams). In this procedure the arc cells in
sector 23 are exactly adjusted to the phase advance of π=2.
Then the ATS matching conditions for proton beam 2
are imposed for the left and right phase advance of IR2
(with respect to IP2). The LHeC IR provides a β� of about
30 cm at IP2 for beam 2 with no beta beating in the arcs
(presqueezed optics). The transition from the presqueezed
to the collision optics is performed by a telescopic squeeze
using the quadrupoles in IR8, IR3, IR4 and IR6 with no
variation of the quadrupole strengths in IR1, IR2 and IR5 at
this stage. During the transition β waves in sectors 45, 56,
81, 12, and 23 start to build up producing further reductions
in β� from about 30 to 10 cm at IP2 and from 44 to 15 cm at
IP1 and IP5 as shown in Fig. 5. The peaks of the β functions
occur in the inner triplets.

V. FLEXIBILITY OF THE IR DESIGN

The nominal design provides a solution to obtain a β� of
10 cm at IP2 for proton beam 2 with the aid of a new IT at
L� ¼ 10 m. The flexibility of this design is of great interest
because of the benefits that could be obtained in terms of
synchrotron radiation power and luminosity.
This flexibility is studied via two methods. The first one

is exploring the minimization of β�, to obtain an upper limit
of the luminosity. The second one is by increasing L�,
which would result in a minimization of synchrotron
radiation power, since it requires less bending to steer

FIG. 3. Design of the half quadrupole for Q1 (right) and the
normal quadrupole for Q2 (left). These magnets allowed a
separation between the proton beams of 68 mm for the half
quadrupole and of 87 mm for the normal quadrupole [13].

FIG. 4. Focused proton beam 2 (red) colliding with electron
beam (black) while unfocused proton beam 1 bypasses the
interaction. Each proton and electron beam passes through its
corresponding aperture in the inner triplet [15].

FIG. 5. LHeC ATS collision optics for beam 2 with β� ¼ 10 cm
at IP2 and β� ¼ 15 cm at IP1 and IP5.
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Proton Dynamic Aperture, LHeC

It is observed that the lattices with L� ¼ 10 m and L� ¼
15 m both with β� ¼ 10 cm, present a similar behavior,
except for the outer zones where the initial amplitudes I
are closer to 20σ, however these amplitudes are already
larger than the dynamic aperture calculated over 105 turns.
Both lattices present areas with a larger diffusion factor at
lower angles and initial amplitudes close to 12σ. On the
other side, the diffusion factor is larger for angles 22–
46 degrees, the same region where larger dynamic aperture
was observed in Fig. 16.
A clear reduction of the stable area of motion is observed

for the lattice with L� ¼ 17 m and β� ¼ 10 cm as seen in
Fig. 21. This is consistent with the DA results shown in
Fig. 16. This configuration is at the limit where the

chromaticity can be successfully controlled with the sextu-
pole correction scheme (see Fig. 12).

X. CONCLUSIONS

The proposed design for the LHeC IR to achieve
e-p collisions with the required luminosity of
L ¼ 1033 cm−2 s−1 has been developed and integrated
within the HL-LHC optics by extending the ATS scheme.
Different lattice configurations open up different pos-

sibilities for increasing L� up to 20 m, and minimizing β� to
5 cm. Chromaticity correction with the specified constraints
on Qx;y and the Montague functions Wx;y is only achieved
up to L� ¼ 18 m with β� ¼ 10 cm and β� ¼ 8 cm with
L� ¼ 10 m. Tracking studies for the DA in the presence of
different field and alignment errors show that the reason-
able dynamic aperture is achieved for up to L� ¼ 15 m but
significant reduction of DA is observed for L� > 15 m.
Furthermore, frequency map analysis shows that the
two different lattices L� ¼ 10 m with β� ¼ 10 cm and
L� ¼ 15 m with β� ¼ 10 cm present similar behavior of
the tune diffusion, but again several differences arise for
the case with L� ¼ 17 m with β� ¼ 10 cm. A maximum of
L� ¼ 15 m is therefore recommended for the LHeC.
The complete study shows that the solution with

β� ¼ 10 cm is enough to achieve the desired luminosity
of the baseline version, but considerable benefits arise
for the cases L� > 10 m, in particular for L� ¼ 15 m. For
this value of L�, normal quadrupoles can be used, the
chromaticity is controlled, there is a minimization of
synchrotron radiation power, and the DA reduction is
minimal with respect to the nominal case.
Themore challenging parameters of the upgrade version to

achieve a luminosity ofL ¼ 1034 cm−2 s−1with a β� ¼ 5 cm
require further studies in order to provide a feasible design.

FIG. 19. Diffusion factor D over the initial amplitudes
I ¼ 0–22σ and 90 initial angles for the lattice L� ¼ 10 m and
β� ¼ 10 cm.

FIG. 20. Diffusion factor D over the initial amplitudes
I ¼ 0–22σ and 90 initial angles for the lattice L� ¼ 15 m
and β� ¼ 10 cm.

FIG. 21. Diffusion factor D over the initial amplitudes
I ¼ 0–22σ and 90 initial angles for the lattice L� ¼ 17 m and
β� ¼ 10 cm.
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L*=10m

β∗=10cm

DA is about 14σ. There might be margin for slightly longer L* (same
β∗) or smaller β∗ (same L*). Current design goal is β∗=7cm.



e− beam at the IP
Higgs Factory Parameters - L = 1034 cm−2s−1

Injection/Dump Energy 500MeV
Bunch Spacing 25 ns

Particles per bunch 4× 109 = 640 pC
Normalised RMS Emittance 50µm

IP β function 0.032 m

Longitudinal phase space at IP
initial/CDR IP

εx [µm] 50 57.4

εy [µm] 50 50.8

δ 0.0020 0.0026

RMS x [µm] 7.20 7.66

RMS y [µm] 7.20 7.21

RMS z [mm] 0.600 0.601

RMS e [MeV] - 15.4

The beam at the IP maintains a very good quality, still need to
verify imperfections and stability;
The acceleration mitigates many e�ects, but the deceleration
ampli�es them...



Beam-Beam e�ect

E�ect of the proton beam on the
electron beam with the high lumi
parameters:

Tails are folded
back, but the core
is disrupted.

E. Nissen
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?tle	PERLE	at	Orsay	(LAL/INP)		Collabora?on:	BINP,	CERN,	Daresbury/Liverpool,	Jlab,	Orsay	+		
	
3	turns,	2	Linacs,	400	MeV,	15mA,	802	MHz,	Energy	Recovery	Linac	facility	
	
-Demonstrator	of	ERL	for	ep	at	LHC/FCC	
-SCRF	Beam	based	development	facility	
-Low	E	electron	and	photon	beam	physics	
-High	intensity:	O(100)	x	ELI			

See	also	hTps://indico.lal.in2p3.fr/event/3428/	

Powerful	ERL	for	Experiments	(ep,γp):	PERLE	at	Orsay	

CDR	to	appear	in	J	Phys	G	[arXiv:1705.	08783]		
	

A.Bogacz	

5.5	x	24m2	

R. Tomás et al LHeC (HL or HE), FCC-eh, PERLE. 26/28



The PERLE site
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Outlook

Large spectrum of ep and eA physics at the TeV energy scale
(LHC, HL-LHC, HE-LHC, FCC-eh) with high luminosity:
1× 1034 Hz cm−2 for ep and ∼1× 1033 Hz cm−2 for eA,

A new facility with a potential user community beyond HEP

Main challenges:

High energy, high power ERL
IR design with synchrotron radiation β∗=7cm; magnet design
Transparent operation to protron/ion physics

Need for a demonstrator: PERLE@Orsay

PERLE CDR: https://arxiv.org/abs/1705.08783

R. Tomás et al LHeC (HL or HE), FCC-eh, PERLE. 28/28
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