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Outline 

•  Complete conceptual LHeC Ring-Ring IR and LSS Solution 
•  CDR and beyond 

 
•  Electron Interaction Region 

•  Beam Separation 
•  Acceptance vs Luminosity 
•  Synchrotron Radiation 
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•  Electron Long Straight Section 
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Electron IR: Overview 

•  Large kinematic range 

•  For high Q2 and x, 
high luminosity 

•  For low Q2 and x, 
sensitivity at high rapidity 

•  Manageable SR 

•  Minimal beam-beam 

•  Integration with two  
proton beams 
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Electron IR: Beam Separation 

•  Beam-beam considerations 
•  Parasitic interactions every 3.75m 

•  Bunch spacing 25ns 

•  5σp+5σe separation at each parasitic node 
 

•  Proton IR integration 
•  >55mm separation at ±22.96m 

to avoid proton quad fields 
•  Discussed later 

•  “Toolkit”: 
•  Separation dipoles 

•  Produces SR 

•  IP crossing angle 
•  Decreases luminosity 

•  Offset quadrupoles 
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Circ-Ellipt. Beam Pipe:
min-inner-R = 2.2cm
max-inner-R = 5.5cm (RR)
wall thickness = 3.0mm *)

EMC - (green)
inner R =   48.cm; outer R = 88. cm
!Z = 660. cm

Solenoid 3.5T (dark grey)
inner-R =  90.cm
outer-R = 119.cm
length = 570. cm

FHC4, HAC, BHC4 (beige)
inner R =   120. cm; outer R = 260. cm
 
!Z1-3 = 217.  / 580.  / 157. cm
           FHC4,  HAC,  BHC4

FST (red)  -  !Z= 8. cm
min-inner-R =   3.1 cm;  
max-inner-R= 10.9 cm 
outer R = 46.2 cm
Planes 1 - 5: 
z1-5 = 140. / 230. / 320. / 350. / 370. cm

4 layer CPT (dark blue):
min-inner-R   = 3.1 cm
max-inner-R = 10.9 cm 
!R = 15 cm

CST (yellow) -  !R  3.5cm each
1. layer: inner R = 21.2 cm
2. layer:              = 25.6 cm
3. layer:             = 31.2 cm
4. layer:             = 36.7 cm
5. layer:             = 42.7 cm

4 CBT (light blue) 
min-inner-R = 3.1 cm,  
max-inner-R = 10.9 cm

BST (red)  -  !Z= 8. cm
min-inner-R =   3.1 cm; 
max-inner-R= 10.9 cm 
outer R = 46.2 cm
Planes 1 - 3: 
z1-3 = -140. / -170. / -200. cm

FHC/BHC  Insert 1,2 - (grey)
inner R1 =   11. cm; outer R = 20. cm
inner R2 =   21. cm; outer R = 46. cm

FHCx: !Z = 177. cm    BHCx: !Z = 147. cm

FEC/BEC Insert 1,2 - (light grey)
inner R1=   11. cm; outer R = 20. cm
inner R2=   21. cm; outer R = 46. cm

!Z = 40. cm

4 CFT (light blue) 
min-inner-R  = 3.1 cm,  
max-inner-R= 10.9 cm 

Detector Acceptance 
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Electron IR: Acceptance 

•  Two IR layouts 

•  High Acceptance (HA) 
•  Electron triplet outside detector 
•  L* = 6.2m 
•  1° acceptance (nominal) 
•  Sensitivity at small angles 

•  High Luminosity (HL) 
•  Electron triplet embedded in detector 
•  L* = 1.2m 
•  10° acceptance 
•  Higher luminosity via tighter focusing 
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Detector Acceptance: 1° / HA 
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Figure 13.3: An rz cross section and dimensions of the main detector (muon detector not shown) for the
Ring-Ring detector version (no dipoles) extending the polar angle acceptance to about 1◦ in forward and
179◦ in backward direction.

Detector Module Abbreviation

Central Silicon Tracker CST

Central Pixel Tracker CPT

Central Forward Tracker CFT

Central Backward Tracker CBT

Forward Silicon Tracker FST

Backward Silicon Tracker BST

Electromagnetic Barrel Calorimeter EMC

Hadronic Barrel Calorimeter HAC

Hadronic Barrel Calorimeter Forward FHC4

Hadronic Barrel Calorimeter Backward BHC4

Forward Electromagnetic Calorimeter Insert 1/2 FEC1/FEC2

Backward Electromagnetic Calorimeter Insert 1/2 BEC1/BEC2

Forward Hadronic Calorimeter Insert 1/2 FHC1/FHC2

Backward Hadronic Calorimeter Insert 1/2 BHC1/BHC2

420

6.2m 

High Acceptance (HA) Layout 



Detector Acceptance: 10° / HL 
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Figure 13.4: An rz cross section and dimensions of the main detector (muon detector not shown) for the
Ring-Ring detector version (no dipoles) in which the luminosity is maximised by replacing the forward and
backward tracker telescopes by focusing, low β quadrupole magnets at ± 1.2m away from the nominal
interaction point. The polar angle acceptance is thus reduced to about 8 − 172◦. As compared to the high
acceptance detector (Fig. 13.3), the outer foward/backward calorimeter inserts have been moved nearer to
the interaction point.

RR - Inner Dimensions
Circular(x)=2.2cm; Elliptical(-x)=-5.5, y=2.2cm

y=2.2cm

x=2.2cmx= -5.5cm

Figure 13.5: Perspective drawing of the beam pipe and its dimensions in the ring-ring configuration. The
dimensions consider a 1 cm safety margin around the synchrotron radiation envelope with masks (not shown)
for primary synchrotron radiation suppression placed at z = 6, 5, 4m.
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Electron IR: High Acceptance 
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L(0) 8.54×1032

θ 1×10−3

S(θ) 0.858

L(θ) 7.33×1032

βx∗ 0.4 m

βy∗ 0.2 m

σx∗ 4.47×10−5 m

σy∗ 2.24×10−5 m

SR Power 51 kW

Ec 163 keV

Table 7.14: Parameters for the High Acceptance IR.

Figure 7.27: Layout of machine elements in the High Acceptance IR. Note that the left side of the IR is
symmetric.

Element Sentry [m] L [m] Gradient [T/m] Dipole Field [T] Offset [m]

BS.L -21.5 12.7 - -0.0493 -

Q2E.L -8.5 1.0 -77.30906 -0.0493 6.37700×10−4

Q1E.L -7.2 1.0 90.38473 -0.0493 -5.45446×10−4

IP 0.0 - - - -

Q1E.R 6.2 1.0 90.38473 0.0493 5.45446×10−4

Q2E.R 7.5 1.0 -77.30906 0.0493 -6.37700×10−4

BS.R 8.8 12.7 - 0.0493 -

Table 7.15: Machine elements for the High Acceptance IR. Sentry gives the leftmost point of the idealised
magnetic field of an element. Note that S is relative to the IP.

space of z=6m to the IP, stronger fields have to be applied to obtain the same geometric separation at the4928

first proton quadrupole.4929

Figure 7.28 shows the β functions of the beam in both planes from the IP to the face of the final proton4930

quadrupole at s = 23 m.4931

Optics Matching and IR Geometry4932

The lattice that is used to match the IR optics to the periodic arc structure corresponds to a large extent to4933

the one presented for the high luminosity option. Figure 7.29 shows the β functions of the matching from4934
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Once the beams are separated into independent beam pipes, the electron beam must be transported into4839

the ring lattice. Quadrupoles are used in the electron machine LSS to transport the beam from the IP to4840

the dispersion suppressor and match twiss parameters at either end. This matching must be smooth and4841

not require infeasible apertures. In addition the first electron quadrupoles will be located inside the detector4842

hardware and therefore a compact design is required within the limited space available.4843

4844

The complete design of the long straight section ”LSS”, that includes the mini beta insertion, the matching4845

section and the dispersion suppressor must be designed around a number of further constraints. As well as4846

beam separation, the electron beam must be steered from the electron ring into the IR and back out again.4847

The colliding proton beam must be largely undisturbed by the electron beam. The non-colliding proton4848

beam must be guided through the IR without interacting with either of the other beams.4849

7.4.4 High Luminosity IR Layout4850

Parameters4851

Table 7.11 details the interaction point parameters and other parameters for this design. To optimise for4852

luminosity, a small l* is desired. An acceptance angle of 10◦ is therefore chosen, which gives an l* of 1.2m4853

for final focusing quadrupoles of reasonable size.4854

L(0) 1.8×1033

θ 1×10−3

S(θ) 0.746

L(θ) 1.34×1033

βx∗ 0.18 m

βy∗ 0.1 m

σx∗ 3.00×10−5 m

σy∗ 1.58×10−5 m

SR Power 33 kW

Ec 126 keV

Table 7.11: Parameters for the High Luminosity IR.

SR calculations are detailed in section [7.4.7]. The total power emitted in the IR is similar to that in the4855

HERA-2 IR [reference] and as such appears to be reasonable, given enough space for absorbers.4856

Layout4857

Due to the relatively round beam spot aspect ratio of 1.8:1, a final quadrupole triplet layout has been chosen4858

for this design. The relatively weak horizontal focussing quadrupole used as first magnet lens is mainly4859

needed for beam separation, followed by two strong, nearly doublet like quadrupoles. The focusing strength4860

Figure 7.22 and table 7.12 detail the layout.4861

4862

The l* of 1.2 m allows both strong focusing of the beam, and constant bending of the beam from 1.2 m to4863

21.5 m. This is achieved with offset quadrupoles and a separation dipole.4864

4865

Figure 7.23 shows the β functions of the beam in both planes from the IP to the face of the final pro-4866

ton quadrupole at s = 23 m.4867
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Electron IR: High Luminosity 
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Figure 7.35: High Luminosity: Photon distribution on Absorber Surface

for the interacting proton beam aperture which will have the superconducting coils. A rough upper bound5066

for the amount of power the coils can absorb before quenching is 100W [577]. There is approximately 2175067

W entering into the interacting proton beam aperture as is shown in Figure 7.35. This doesn’t mean that5068

all this power will hit the coils but simulations need to be made to determine how much of this will hit the5069

coils. The amount of power that will pass through the absorber can be disregarded as it is not enough to5070

cause any effects. The main source of power moving downstream of the absorber will be the photons passing5071

through the beams aperture. This was approximately 13.7 kW as can be seen from Figure 7.35. Most of5072

this radiation can be absorbed in a secondary absorber placed after the first downstream proton quadrupole.5073

Overall protecting the proton triplet is important and although the absorber will minimize the radiation5074

continuing downstream this needs to be studied in depth.5075

Backscattering: Another Geant4 program was written to simulate the backscattering of photons into the5076

detector region. The ntuple with the photon information written at the absorber surface is used as the5077

input for this program. An absorber geometry made of copper is described, and general physics processes5078

are set up. A detector volume is then described and set to record the information of all the photons which5079

enter in an ntuple. The first step in minimizing the backscattering was to optimize the absorber shape.5080

Although the simulation didnt include a beam pipe the backscattering for different absorber geometries was5081

compared against one another to find a minimum. The most basic shape was a block of copper that had5082

cylinders removed for the interacting beams. This was used as a benchmark to see the maximum possible5083

backscattering. In HERA a wedge shape was used for heat dissipation and minimizing backscattering [576].5084

The profile of two possible wedge shapes in the YZ plane is shown in Figure 7.36. It was found that this is5085

the optimum shape for the absorber. The reason for this is that a backscattered electron would have to have5086

its velocity vector be almost parallel to the wedge surface to escape from the wedge and therefore it works5087

as a trap. As can be seen from Table 7.22 utilizing the wedge shaped absorber did not reduce the power by5088

much. This appears to be a statistical limitation. This needs to be redone with higher statistics to get a5089

better opinion on the difference between the two geometries.5090

After the absorber was optimized it was possible to set up a beam pipe geometry. An asymmetric5091
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Electron IR: SR 

Figure 7.40: High Acceptance: Critical Energy Distribution in Z

Figure 7.41: High Acceptance: Photon distribution on Absorber Surface

Absorber: Looking at Figure 7.41 it is shown that for the high acceptance option 38.5 kW of power from5135

the SR light will fall on the face of the absorber which is 75% of the total power. This gives a general idea of5136

the amount of power that will be absorbed. However, backscattering and IR photons will lower the percent5137

that is actually absorbed.5138
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Element Power [kW] Critical Energy [keV]

DL 13.9 118

QL2 6.2 318

QL1 5.4 294

QR1 5.4 293

QR2 6.3 318

DR 13.9 118

Total/Avg 51.1 163

Table 7.24: High Acceptance: Power and Critical Energies [Geant4]

Power [kW] Critical Energy [keV]

Geant4 IRSYN Geant4 IRSYN

Total/Avg 51.1 51.3 163 162

Table 7.25: High Acceptance: Geant4 and IRSYN comparison

A third cross check to the G4 simulations was also made for the power as shown in Table 7.26. This5121

was done using an analytic method for calculating power in dipole and quadrupole magnets. [574] This5122

comparison provides confidence in the distribution of the power throughout the IR.5123

Power [kW]

Element Geant4 Analytic

DL 13.9 14

QL2 6.2 6.2

QL1 5.4 5.3

QR1 5.4 5.3

QR2 6.3 6.2

DR 13.9 14

Total 51.1 51

Table 7.26: High Acceptance: Geant4 and Analytic method comparison

Number Density and Envelopes: The number density of photons as a function of Z is shown in Figure5124

7.38. The horizontal extension of the fan in the high acceptance case is larger than in the high luminosity5125

case however still lower than in the LR option. Since the beam stays at a constant angle for the first 6.2 m5126

after the IP it requires larger fields to bend in order to reach the desired separation. This means that an5127

overall larger angle is reached near the absorber, and since the S shaped trajectory is symmetric in Z the5128

angle of the beam at the entrance of the upstream quadrupoles is also larger and therefore the fan extends5129

further in X.5130

The envelope of the SR fan can be seen in Figure 7.39, where the XZ plane is shown at the value Y = 0.5131

Once again the fan is antisymmetric due to the S shape of the electron beam.5132

Critical Energy Distribution: The critical energy distribution in Z is similar to that of the high lumi-5133

nosity case. This is due to the focusing of the beam in the IR. This is evident from Figure 7.40.5134
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Element Power [kW] Critical Energy [keV]

DL 6.4 71

QL3 5.3 308

QL2 4.3 218

QL1 0.6 95

QR1 0.6 95

QR2 4.4 220

QR3 5.2 310

DR 6.4 71

Total/Avg 33.2 126

Table 7.19: High Luminosity: Power and Critical Energies as calculated with Geant4.

Power [kW] Critical Energy [keV]

Geant4 IRSYN Geant4 IRSYN

Total/Avg 33.2 33.7 126 126

Table 7.20: High Luminosity: Geant4 and IRSYN comparison

A third cross check to the G4 simulations was made for the power as shown in Table 7.21. This was done5028

using an analytic method for calculating power in dipole and quadrupole magnets. [574] This was done for5029

every element which provides confidence in the distribution of this power throughout the IR.5030

Power [kW]

Element Geant4 Analytic

DL 6.4 6.3

QL3 5.3 5.4

QL2 4.3 4.6

QL1 0.6 0.6

QR1 0.6 0.6

QR2 4.4 4.6

QR3 5.2 5.4

DR 6.4 6.3

Total/Avg 33.2 33.8

Table 7.21: High Luminosity: Geant4 and Analytic method comparison

Number Density and Envelopes: The number density of photons as a function of Z is shown in Figure5031

7.32. Each graph displays the density of photons in the Z = Zo plane for various values of Zo. The first three5032

figures give the growth of the SR fan inside the detector area. This is crucial for determining the dimensions5033

of the beam pipe. Since the fan grows asymmetrically in the -Z direction an asymmetric elliptical cone5034

geometry will minimize these dimensions, allowing the tracking to be placed as close to the beam as possible.5035

The horizontal extension of the fan in the high luminosity case is the minimum for the two Ring Ring options5036

as well as the Linac Ring option, which is most important inside the detector region. This is due to the5037
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•  Shared beampipe between ±22.96m 
•  Proton final triplet at ±22.96m 

LHC IR Integration 
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LHC IR Integration: Beam Separation 
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•  Electron beam must not pass through proton fields 
•  Require separation between beams at ±22.96m 

•  Proton quad yoke ~200mm radius 
•  Infeasible to separate beams this much 

•  Proton half-quadrupole design 
•  Quasi field-free aperture for electron beam 

•  Beam separation >55mm at ±22.96m 

•  55mm separation achievable 
•  Combination of crossing angle, dipoles, offset quadrupoles 



LHC IR Integration: 2nd Proton Beam 
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•  Second proton beam 
•  Must not collide with p or e beams 
•  Minimise beam-beam interaction 
•  Detector: shared beam pipe 

•  Toolkit: 
•  Bunch offset 

•  No collision at IP 
•  Can co-rotate with electron beam 

•  Crossing angle 
•  “Unsqueezed” optics 

•  Cannot pass through proton triplet 
•  Matched via LSS2 matching section 

•  Proton half-quadrupole Q1  
•  Use electron aperture 
•  Tailor p-p crossing angle for this purpose 



LHC IR Integration: Proton Quadrupoles 
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•  Q1: Half quadrupole 
•  Large low-field electron aperture 

•  Q2, Q3: Conventional SC quads 
•  Low field pockets used as apertures 

•  Yokes can be up to 270mm radius 



LHC IR Integration: 2nd Proton Beam 
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LHC IR Integration: 2nd Proton Beam HA 
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LHC IR Integration: 2nd Proton Beam HL 
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Outline 

•  Complete conceptual LHeC Ring-Ring IR and LSS Solution 
•  CDR and beyond 

 
•  Electron Interaction Region 

•  Beam Separation 
•  Acceptance vs Luminosity 
•  Synchrotron Radiation 

•  LHC IR Integration 
•  Beam Separation 
•  Second Proton Beam 

•  Electron Long Straight Section 
•  Geometry 
•  Integration with LHC 
•  CDR solution 
•  Further development 
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Electron LSS: Overview 

•  Transport 
•  Ring - IR - Ring 

•  Well-matched optics 

 
•  Adhere to LHC space constraints 

•  Manageable SR 
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•  Complex bending required 
•  LHeC ring 1m above LHC 
•  Account for IR horizontal  

separation scheme 
•  ~60cm radial offset 
•  Dipoles generate SR 

•  Dispersion couples geometry 
and optics 

•  Existing dispersion suppressors in ring lattice 
•  Designed to match horizontal dispersion 
•  No equivalent systems for vertical dispersion 
•  Large vertical bending required in LSS 

LHeC

Figure 7.47: Cross-section of the LHC tunnel with the original space holder for the electron beam installation
directly above the LHC cryostat and the shifted new required space due to the additional bypass in IR1 and
IR5 and the need to keep the overall circumference of the electron ring identical to that of the proton beams.

sector 3, shows also the critical tunnel condition in this part of the machine. Clearly, heavy loads cannot5716

be suspended from the tunnel ceiling. The limit is set to 100 kg per meter along the tunnel. The e-ring5717

components have to rest on stands from the floor wherever possible. Normally there is enough space between5718

the LHC dipoles and the QRL to place a vertical 10 cm quadratic or rectangular support. Alternatively a5719

steel arch bolted to the tunnel walls and resting on the floor can support the components from above. This5720

construction is required wherever the space for a stand is not available.5721

The electron machine, though partially in the transport zone, will be high up in the tunnel, high enough5722

not to interfere with the transport of a proton magnet or alike. The transport of cryogenic equipment may5723

need the full hight. Transports of that kind will only happen, when part of the LHC are warmed up. This5724

gives enough time to shift the electron ring to the outside by 30 cm, if the stands are prepared for this5725

operation. The outside movement causes also a small elongation of the inter-magnet connections. This effect5726

is locally so small that the expansion joints, required anyway, can accommodate it. One could even think5727

of moving large sections of the e-machine outwards in a semi-automatic way. Thus the time to clear the5728

transport path can be kept in the shadow of the warm-up and cool-down times.5729

Dump area The most important space constraints for the electron machine are in the proton dump area,5730

the proton RF cavities, point 3, and in particular the collimator sections.5731

Figure 7.50 [609] shows the situation at the dump kicker. The same area is also shown in a photo in Figure5732

7.51, while Figure 7.52 shows one of the outgoing dump-lines. The installation of the e-machine requires5733

the proper rerouting of cables (which might be damaged by radiation and in need of exchange anyhow),5734

eventually turning of pumps by 90 degrees or straight sections in the electron optics to bridge particularly5735

difficult stretches with a beam pipe only.5736
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Electron LSS: Geometry 
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Electron LSS: Achromatic Bending 

•  Difficult to deal with large amounts of vertical dispersion 
•  Use Double Bend Achromat modules 

•  Optical match still difficult due to strong quads 
•  Characteristic twiss shape 

•  Non-negligible contribution to SR 
•  Mainly from dipoles 
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Electron LSS: CDR version 

•  Does not incorporate non-colliding beam solution 
•  Limited flexibility to avoid LHC conflicts 
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Electron LSS: LVS version 

•  “Late Vertical Separation” (LVS) 
•  Allows horizontal separation to propagate before starting vertical bends 
•  Aided by non-colliding beam solution which adds crossing angle 
•  More flexibility to avoid conflicts with LHC elements 
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Electron LSS: SR 

•  Significant but manageable levels of SR 

•  CDR version: 
•  ~1.3 MW total SR power 
•  Compare to ~50 MW for ring lattice 

•  LVS version: 
•  ~1.5 MW total SR power 
•  Good agreement between simulations and analytic methods 
•  Ongoing work on SR study and optimisation 
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Summary 

•  Complete conceptual solution for Ring-Ring LSS and IR 

•  All major issues solved, or shown to be solvable 

•  Technically incomplete but flexibility for further iterations 

•  General Manchester/Cockcroft interest in continuing on and 
helping with Linac-Ring 
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