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Outline
§ Recap LHC

§ Introduction HL-LHC è key project goals and challenges 

§ Project Milestones

§ IT-String Test  è Showcase for 2025
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LHC in the Geneva Basin and its Experiments

LHC ring:
27 km circumference

CMS

ALICE

LHCb

ATLAS

22km arcs with
Super Conducting Magnets

Features proton-proton and Lead-Lead and Lead-proton collisions!
[plus other ion species]
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LHC Performance

4

è Over 389fb-1 at 13 TeV so far during first 10 years of operation with 

èHiggs Discovery in 2012!

> 100fb-1 / year at hand!!! 

è over 500fb-1 by the end of LHC Run3 by mid 2026!!!

So Why do we need the HL-LHC Project?
Doubling the statistical accuracy for the experiments implies 4 

times the data volume!!!

è over 20 Years of operation with current peak performance

è Operation until 2055 with long shutdowns every 4 years!!!

Higgs discovery in 2012! è But many questions 
remain and the search continues!!!

èHiggs properties [coupling]
èMore than one Higgs?

èBSM Physics? Dark Matter & Dark Energy?

èNeed for more Data and Statistics!!
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Bellows Module 5: X-ray and Photos after 
Opening

5

Clear sign of the 
spring heating

How it should look Spring disengaged with 
RF fingers not touching

5 Days of Physics Operation Lost

Systematic replacement of these large bellows under preparation
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IR8 IT.L8 Triplet incident in July 2023:

è End of proton operation in 2023

6
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IR8 IT.L8 
Triplet incident

7
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Event sequence

• Beams dumped at 01:00:17 
by RF fault.

• 370 milliseconds later 
several magnets quenched:

• RQ7/9/10.R4
• RQ10.R8
• RQX.L8

• The heat wave generated by 
RQX.L8 quench tripped the 
IP8 cold compressor.

8
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1st tunnel visit

• Condensation on Q1/2/3, 
less on D1 and DFBX.

• Ice and condensation 
gone on Wednesday.

9
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Interconnect opening (3)
• Leak localization with dry air injection into the cold mass: one could feel the 

leak from the air flow !

• Luckily, the affected line does not contain busbar splices! Only diagnostic 
cables!!!

Leak on M2 line 

Beam vacuum chamber 

11
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Damaged bellow
Spare bellow – tested to 20 bar

Decision to replace the bellow 
èWarmup of the triplet magnets
èArc magnets left floating
èHad about 20 days for the repair work!
èFollowed by ca. 1.5 month of cooldown to 1.8K

12
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High-Luminosity LHC Goals beyond Equipment Consolidation

By continuous 
performance improvement 
and consolidation

By implementing HL-LHC

Almost a factor 3

Goal of HL-LHC project:
• 250 – 300 fb-1 per year
• 3000 fb-1 to 4000fb-1 in about 

10 years by 2041

Around 500 fb-1 the 
present Inner Triplet 

magnets reach the end of 
their useful life (due to 

radiation damage)
and must be replaced.
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Peak luminosities of Hadron colliders

V. Shiltsev, 
Physics Uspekhi 55 

(2012) 965

2020 2030

LHC HL-LHC

Proton / Proton
Proton / Anti-proton
Polarized Proton / Proton
Electron / Proton

Worldwide Integrated Luminosity prior to LHC: ca. 11 fb-1

LHC Design Goal: 300 fb-1 è LHC likely to reach end of Run3: > 500 fb-1

HL-LHC goal: 3000 fb-1 to 4000 fb-1 !

x 45

x 8
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LHC Lifetime Limitation: 
Debris from the IP & Radiation damage to magnets!
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è HL-LHC goal: 10 times the LHC data Volume è requires radiation hard magnets 

that can tolerate over 3ab-1!!!

è End of the LHC 
triplet lifetime by 

End Run3 in 2026
[over 500fb-1]

è Need to replace 
triplets in the LHC 
after 2026 to keep 

the machine 
operational

è replace with design 
for higher 

performance!!!
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HL-LHC technical bottleneck:
Radiation damage to triplet magnets

è Requires larger aperture!

è 70mm at 210 T/m è150mm diameter 140 T/m
8T peak field at coils è 12T field at coils (Nb3Sn)!!!

Need to replace existing triplet 
magnets with radiation hard system 
such that the new magnet coils 
receive a similar radiation dose @ 10 
times higher integrated luminosity!!!!! 
è Shielding!

Tungsten blocks

Capillaries

16

US-LARP MQXF 
magnet design
Based on Nb3Sn
technology

è Longer magnets

è New, brittle superconductor!è New magnet technology!

è New Superconductor
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source: 
D. C. Larbalestier @ Researchgate

17

SC Magnet 
Technology

Nb3Sn

n HL-LHC with 11-12T
n 16 T for HEP?
n Almost a commodity!

q 15-20 t per year for MRI
q ITER needs 500 t

n ca 5 times cost of LHC Nb-Ti
n Brittle material

HTS (needed à 20 T)
è on going R&D!

n Bi-2212: cost today 2-5 x Nb3Sn
n YBCO: cost today 10 x Nb3Sn

More SC 
for the

same filed

è Cost!
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Multi-wire cable: the way to 10-100 kA!

LHC Magnet Technology:
Thousands of fine Nb-Ti filaments well 
separated along km of wires
Industrial production via extrusion

Cable of 15 kA!)

HL-LHC Introduction to hilumi newcomers
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Nb3Sn is brittle and cannot be drawn in final form –
contrary to NbTi
Strand is drawn before cable is formed before the wire is 
heat-treated to form the Nb3Sn superconductor!

The Nb3Sn SC Challenge:
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Challenges in Nb3Sn Magnet Technology

20

§ MQXFBP1 performance limitation (6.5 TeV) analysis had a significant breakthrough in January 2022: 
analysis of limiting coil 108
§ Broken filaments in a strand always in the same position of the cross-section, in several sections close to the 

transition in the poles –in agreement with voltage tap and quench antenna localization

Broken filaments in coil 108, limiting MQXFBP1 (M. Crouvizier, A. Moros, S. Sgobba, et al.)

Cut 1

Sector A

Cut 1
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High Field SC Magnets

Transition from NbTi to
Nb3Sn:

HL-LH lead the R&D for
11-15T magnets based
on Nb3Sn technology:
è15-20 years R&D 
program

Transition to HTS:

Assume R&D period of
similar siz

e è 2035?

21

Ca. 30 years of NbTi magnet
development leading up to the
LHC dipole magnets!

Transition from NbTi to Nb3Sn:
requires similar length of R&D!

HL-LHC led the R&D for 11-15T
magnets based on Nb3Sn
technology:

èStarted in early 2000

è over 25 years program

è Ready for installation in 2028

Magnet development requires substantial R&D effort!!!

FCC-hh

HLHL

HL-LHC magnet 
Installation from 
2028 to 2029
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New HL-LHC Triplet Layout:



Advanced Accelerator Course; October, 2025 Oliver Brüning CERN  

Magnet Upgrade Scope

23

§ Design, engineering, construction, test and 
installation the Insertion Region (IR) magnets of IR1 
and IR5 for the HL-LHC upgrade.
§ Q1/Q3 cryomagnets: from AUP (US)
§ Q2: from CERN
§ MCBXF nested corrector magnets: from CIEMAT (Spain)
§ HO corrector magnets: from INFN-LASA (Italy) [completed]
§ D1 cold masses: from KEK (Japan)
§ D2 magnets: from INFN-Ge (Italy)
§ D2 corrector magnets: from IHEP (China)
§ DCM: from CERN
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Lucio Rossi @ Welcome Day to HiLumiers - CERN, 11 Feb 2020 24

HiLumi: a 
global 
project 
since the 
start

Schedule is complex since in-kinds are interleaved with 
our works: we do not receive finished equipment ) 
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The Insertion Region (up to Q4)

Lucio Rossi - HiLumi LHC to the CERN guides - Globe 26 February 2019

25

Q1
Q2a

Q2bQ3CPD1
DFXDFM

Connection to LHC (UL) Service gallery (UR)

TAXS

Crab cavities

UA Gallery

Q4 Collimators

TAXN

Service cavern

SC Links

D2
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The MS region with in-kind contributions

26

Crab cavities
D2

Collimators

TAXN

Service cavern

UA gallery

Q4
(BBLR)
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TDR V1.0 - The last version of the TDR 
including the added scope - 2020

27

V0.1 Published in electronic version for the October 
2016 Cost & Schedule review 
EDMS: 1723851
and as CERN Yellow Book in October 2017

Updated Version V 1.0 published as 
CERN Yellow Book in December 2020
https://e-publishing.cern.ch/index.php/CYRM/issue/view/127

https://edms.cern.ch/document/1723851/0.71
https://e-publishing.cern.ch/index.php/CYRM/issue/view/127
https://e-publishing.cern.ch/index.php/CYRM/issue/view/127
https://e-publishing.cern.ch/index.php/CYRM/issue/view/127
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Run3 operation

28

Approval of 
HL-LHC Project

EU funded HiLumi
Design Study

LHC Operation ends in 2026
è HL-LHC upgrade to take 
over as of 2030 after LS3
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§ Prepare machine for operation beyond 2026 and up to ~2041

§ Operation scenarios for:
§ Total integrated luminosity of 3000fb-1 to 4000fb-1 in around 10-12 years [ca. 10x LHC]

§ An integrated luminosity of ~250 fb-1 per year

§ Nominal: levelled luminosity of 5 x 1034 cm-2s-1 (events/crossing  ~130)

§ Ultimate: levelled luminosity of 7.5 x 1034 cm-2s-1 (events/crossing  ~200)

è Operation with levelled luminosity!

è High machine efficiency and reliability are key upgrade ingredients!

è A challenge as well for the experiments!

Goal of  HL-LHC upgrade project

Need to overcome several limitations in the existing LHC machine!!!

Ca. 1BCHF CtC Project 
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Luminosity optimization: 
Luminosity Levelling at the luminosity frontier:
Design for highest possible virtual luminosity, but keep the
luminosity artificially lower during operation!!
This also helps to cope with the total number of events per time 
interval and the event pileup in the detector

Lifetime proportional to total particles:
𝜏!"" =

𝑁#$#
𝑛%& % 𝜎#$# % 𝐿'!(!'!)

Luminosity limitations:      -Event rate and pileup
[for Hadron Collider]        -Debris from the IP [quench protection] 

-Heat load and radiation in magnets

5 events 400 
events
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Luminosity optimization: Beam Lifetime 
Fill length:

𝑑𝑁()(
𝑑𝑡

= −𝑛*+ ' 𝜎()( ' 𝐿 è 𝜏,-- =
𝑁()(

𝑛*+ ' 𝜎()( ' 𝐿.

Example LHC:  stot ≈ 100mbarn [10-25cm2 ]; 2 IPs; Ntot ≈ 3 1014

Nominal Luminosity: L0 = 1034 cm-2 s-1è teff ≈ 42 hours

10 x  Luminosity:       L0 = 1035 cm-2 s-1è teff ≈ 4 hours

èEfficient operation requires that the average fill length 
[data taking for physics] is significantly longer than the time
required for preparing a new fill for physics!!!
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Orchestration of collisions in 2023

(1) fast beta* 
ramp-up

(2) crossing 
angle tuning

(3) combined beta* and 
separation levelling

(4) "reverse" crossing 
angle tuning

(5) ATLAS without 
parallel separation

1. fast beta* levelling ramp up to mu=58 in ATLAS (~40mins @ 1.6E11 ppb)
2. crossing angle tuning to reduce ATLAS wrt CMS (-10urad once ATLAS @ max PU)
3. combined beta*/separation levelling
4. crossing angle tuning back to nominal (once beta* = 30cm) 
5. ATLAS levelling not effective anymore – operation without parallel separation

ca 5 hours of levelling
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• New record: Integrated luminosity of 
1.2 fb-1 in 24h !
• Peak levelling just above 2.0 x 1034 

cm-2s-1

• Pileup targets ATLAS/CMS = 63 / 59
• Thanks to combined separation β* levelling and separation 

levelling we can deliver different pile up to ATLAS and CMS 

Physics Fill Performance to Date

24th to 25th of May 2023

Max energy per beam at start of 
stable beams: 

425 MJ with 2464 bunches
1.59 x 1011 p/b (Injected: 1.61)

Two fills of ca 12 hours 
back to back
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Example: levelled fills in 2024
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Comparison of the 3 LHC 
Running Periods

Higher peak luminosity linked to higher pile-up

Stored energy record of 425 MJ
with 2464 bunches @ 1.6E11 ppb (@ 
start of Stable Beams) . 

Steady increase in Performance from 

Run1 to Run3!!!
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Levelled Luminosity è requires efficiency!
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qè corresponds to ca. 40% machine efficiency (time actually spend in physics 
divided by scheduled time for physics operation)

qè 3000 fb-1 for HL-LHC will require significantly better machine efficiency!!!

and average fill length above 6 hours (ca. 10 hours)!

2011 2012

q Operation experience in 2011 and 2012:
o Only ~30% of the fills are dumped by operation.

HL-LHC Challenge: Machine Efficiency

èIntegrated Luminosity

Minimize R2E and ease access to active equipment during 
operation!

è New underground galleries for HL-LHC with access 
during operation
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New underground galleries and surface 
buildings for technical infrastructure finished!

è Installation of services ongoing
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Luminosity recipe (round beams): 

1) maximize bunch intensities

2) minimize the beam emittance

3) minimize beam size (constant beam power); 

4) maximize number of bunches (beam power); 

5) compensate for ‘F’; 

6) Improve machine ‘Efficiency’

Performance optimization: Peak Luminosity

L = nb ⋅N1 ⋅N2 ⋅γ ⋅ frev
4π ⋅β* ⋅εn

⋅F(φ,β*,ε,σ s )

èLIU Project & LHC collim.

è magnet aperture

èX-ing angle

èCrab Cavities

èMinimize number of  

beam aborts and maximize luminosity lifetime!
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Suggestion: beam parameters and how to get there

40

LHC Magnet system
LHC injector complex;
HL-LHC new collimation

LHC injector complex

HL-LHC triplet magnets

HL-LHC crab cavities
HL-LHC new IR collimation

Machine operation &
availability
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• Dealing with electron cloud
• Sector 7-8 emerged degraded from LS2, determining heat load limitation of LHC

Electron Cloud: What we Learnt in 2022

41

Long Shutdown 1 (2013-2015)
• Provoked significant degradation of 

heat loads in S12 & S23 & S78 & S81 

Long Shutdown 2 (2019-2022)
• Provoked significant degradation of 

heat loads in S56 & S67 & S78
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• The intensity reach for different filling schemes is determined by the limitation in S78

Electron Cloud: Intensity Reach for 2023 and Beyond

42

Lumi estimates (LPC calculator) with µ=54, Llev< 2e34 cm-2 s-1

• Hybrid 56b(8b4e)+5×36b the most promising option
• Use of hybrid scheme in 2023 confirms heat-load benefit with intensity of 1.5E11 p/b reached to date

• Run 3 bunch intensity limited to 1.8e11 p/b by LHC beam extraction system until HL-LHC upgrade 

But can we count on stable secondary emission yields over the coming 
years or do we need to be prepared for a further degradation during 

LS3?
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Electron-cloud: HL-LHC Prospect

§ The electron cloud situation has degraded further during LS2:
Increase of heat load from e-cloud, in particular in sector 78
⟶ limits the intensity reach.

§ Scrubbing is levelling off in all sectors
§ ⟶ not expecting much further decrease of secondary emission yield (SEY) è S78.

43

L. Mether, 210th WP2, 13/12/2022

The key question is if this level of electron cloud remains stable or if will it 
degrade further over coming shutdown period?!

Airborne Cu Hydroxide [Cu(OH)2] and venting of the apertures during Long 
Shutdowns have been identified as the root cause for this degradation

https://indico.cern.ch/event/1227813/
https://indico.cern.ch/event/1227813/
https://indico.cern.ch/event/1227813/
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Electron-cloud: filling scheme mitigation

44

§ 8b+4e very effective to reduce heat load (>55%) but limits the bunches to <2000
§ Hybrid schemes (mix 25 ns with 8b+4e) is the best compromise (& tuneable)

§ ⟹ Strong impact of filling scheme on intensity reach:

L. Mether, LHC Chamonix workshop, 23/01/2023

https://indico.cern.ch/event/1224987/timetable/
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e-cloud: mitigations

45

§ Beam stability is also degraded ⟶ one needs to address the root cause and not only the heat load 
with e.g. cryogenics upgrade.

§ Ideal cure: in situ surface treatment (see V. Petit, LHC Chamonix workshop, 23/01/2023)

§ Plasma-assisted CuO reduction and carbon recovery (PE-CVD)
§ Carbon coating (10-20 nm) by sputtering (PVD)

⟹ Project proposed (see M. Lamont, LHC “Chamonix” workshop summary, 25/03/2023)

https://indico.cern.ch/event/1224987/timetable/
https://indico.cern.ch/event/1262929/
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Beam Screen Treatment in the LHC arcs

In. Triplets IP2/8
In-situ
190 m total

Arcs
In-situ
≈ 12 km total

Matching sections
Ex-situ, in magnet
20 m total

In. Triplets IP1/5
Ex-situ
320 m total

BST

Mitigation strategy
Deposit a thin amorphous carbon layer on selected arc beam 
screens
→ recover conditioning efficiency
→ ensure surface robustness against ventings (LS)

→ profit from HL-LHC coating developments
→ adapt process to increase coating speed, and cope with 
new beam line geometry constraints (one half-cell coated in 
one passage)

46
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Coating train

§ New design to cope with changing cross section, limit 
lateral friction and risk of mechanical failure

§ Validation of the mechanical design (ensures no damage 
to components)

§ Assembly test in limited space (check assembly feasibility, 
define need for specific tooling, assembly procedure…)

M. Krupa SY-BI, EDMS 3161981

BPM qualification after 200 train passages

Thanks to TE-MSC

47

https://edms.cern.ch/ui/
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Coping with arc curvature

System developed for Q5L8 (LS2) and HL-LHC beam screen coating:
• Plasma powering: electrical cables
• Train displacement: mechanical pulling and braking cables

→ In-vacuum spool system with automated rolling/unrolling by external motors

1 spool for mechanical
cable

2 spools for electrical 
cables

+
1 spool for 

mechanical cable

48
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Coping with arc curvature

Half-cell 
53 m in length with curvature

Beam Screen Treatment in the arcs:
• Curvature → no line of sight over 53 m
• Cables will scratch the beam screen, on its inner face with respect to curvature

→ Unacceptable: wearing of cables, risk of Kapton chips (electrical cable)
→ Use several trains to recenter the cables in the beam screen… and coat several sections simultaneously

49
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Coping with arc curvature – 4-train configuration

Start of half-cell beam line coating

Trains × 4

Dipole

Dipole

Dipole

Quad.

End of half-cell beam line coating

Dipole

Dipole

Dipole

Quad.

• 4 trains are necessary to ensure no contact between the beam screen and the cables
• Mechanical validation on 1:1 scale mock-up

12 mm

Coating direction

50

F. Santangelo TE-VSC
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Coating conditioning at 15K and robustness against ageing

Higher coating speed → Thinner coating (10 nm) 
Coating over 53 m → Higher base pressure 

On-going ageing cycles:    electron irradiation at 15 K  ↔ humid atmosphere storage at RT (3+ months)
Coating on CuO (preliminary 1 train configuration): 3 successful cycles

51

E-cloud build-up 
threshold

higher “as coated” SEY than standard carbon coatings 
(Q5L8 and HL-LHC inner triplet beam screens)
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LESS: Laser Engineered Surface Structures

52
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Laser surface treatment of beam screens

EncoderMotor

10 µm

untreated

un
tre
at

ed

Demonstrator + BLMs in LHC Vacsec.C5R6.B 

Cable chain 
& motor

Camera & 
extractor

6.2 m treated in 2024

Automation mock-up with 10.8 m beam screen

UFOs of ≤2×105 p+ collisions (d = 4-6 µm) - small 
compared to LHC standard events (up to 108 p+collisions) 
à not harmful for operation
à Low quantity
à continuation of data acquisition in 2025

4×20o treatment strategy for Q5 standalone  magnets

RSC Appl. Interfaces 2025

§ Selective treatment:
à Optimised for e-cloud mitigation in Q5 magnets (beam quality) 
à No cryosorber deterioration and minimising particulate 
ablation

§ Demonstrated in 2024:
àAutomation of cable management for long-scale processing
à6.2 m long selective treatment performed in mock-up

§ Still required for technical readiness:
àDemonstration of complete local extraction of ablated particles 

during treatment and post-processing cleaning
àFabrication of mechanical adapters for processing in Q5 

magnets

Alternative option to laser treatment in magnet: laser processing of new 
beam screens instead of a-C coating + installation in LS3 

Camera Inspection of 
treated beam screen

201st HL-LHC TCC

M. Himmerlich et al. – TE-VSC

supported by HL-LHC-UK2 in collaboration with 

https://doi.org/10.1039/D4LF00372A
https://edms.cern.ch/document/3161895/1
https://edms.cern.ch/document/3161895/1
https://edms.cern.ch/document/3161895/1
https://edms.cern.ch/document/3161895/1
https://edms.cern.ch/document/3161895/1
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Technology

Landmarks Nb-Ti Technology
Separation / Recombination 
dipole magnets: D1 & D2

Finished in 2023

Finished in 2023

Successfully 
deployed  in 2023 

Pb-Pb run
½ system already 
installed for Run3

Series production started
in Industry

Complete Prototype 
System validated in 

2024

Fully validated in 
2023 and first 

magnets ready 
for installation

First series 
magnets 

delivered to 
CERN

Prototype validated 
by CERN &

Half of series [3/6] 
completed
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New underground galleries and surface 
buildings for technical infrastructure finished!

è Installation of services ongoing
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D2

DSHM

DFHM

Q1Q2AQ2BQ3CPD1DCM

DFM DFX

DSHX

DFHX

140 m 89.5 m

Cold Powering System

56

Power converters: (18, 7, 2) kAPower converters: (18, 0.6) kA

Power converters: (60, 120, 200) A

Superconducting 
link to minimize 

thermal losses when 
transporting over 
100kA over 100m!

è High Temperature 
Superconductor, 

MgB2 operating at 
ca. 20K to 30K

è Cooling with 
gaseous He from 
liquid He boil off
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A. Ballarino 57

SC-Link-DFHX assembly in pictures
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MgB2 cable: 
F ~ 90 mm
|Itot| > 100 kA @ 25 K

6 × 3 kA18 kA

18 kA

18 kA

18 kA

6 × 3 kA

3 × 7 kA

F~ 90 mm

L= 60 m

MgB2

System demonstrator 
in SM 18
DEMO2
Demonstration of 2 x 
20kA +
2 x 7kA in June
in MgB2 @ 30K
in flexible cryostat
over 60m [54kA total] 

58

Flexible MgB2 superconducting links
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MgB2 Cable Assemblies (1/2)

59

Successfully HV tested both in industry 
and at CERN

Received from ICAS all MgB2 series cables

o Wire grading and cable map approval 
procedures established

o Continuous tests at CERN of extracted strands 
from each constituent cable before approving 
further operations – 694 test pieces in 2021

o Production planned to be completed by end 
2022

F~ 90 mm

To be produced: 5+5 Units
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SC Link Cryostats

A. Ballarino

60

Received all series SC Link cryostat for Triplets – produced in industry 

Final length for Triplets: 74.5 m

Leak/pressure tests at the company Delivery & Reception @ CERN

Optimization of leak test procedure
Visual and endoscopic inspections,  dimension controls
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A. Ballarino
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First DFHX constructed @ CERN (2/3)

Completed blank assembly of  DFHX and 
studied of MgB2/HTS routing 
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DFX Cryostat
Completed pre-series DFX by SOTON (UK1 ) !

D2

DSHM

DFHM

Q1Q2AQ2BQ3CPD1DCM
DFM

DFX

DSHX

DFHX

CERN-UK1 collaboration under addendum #4 of 
KE3299/TE/HL-LHC
Design, Manufacturing, QC & CE certification under 
the responsibility of Southampton University
PRR 3 March 2020. 1.5 intense years from raw 
material procurement to completion of qualification 
and CE certification by notified body
Completed in March 2022 at LTI Metaltech & 
delivered to CERN
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The flexible, double-wall, corrugated cryostat comprises 19 MgB2 superconducting cables in a single assembly, 
twisted together to form a compact bundle. These 19 superconducting cables can transfer altogether a DC 
current of about 120 kA at ~20 K.

63

MgB2 Superconductor and Superconducting link

Complete Prototype system demonstration in 2024
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LHC Challenges: Crossing Angle at Interaction Points

Parasitic bunch encounters:

non-linear fields from long-range beam-beam interaction:
è Operation requires crossing angle

efficient operation requires large beam separation at unwanted collision points  
è Separation of 10 -12 s è large magnet apertures next to the experiments!! 

è at the limit of magnet technology!!!

Insertion Layout: ca.130m è 150m

ca.50m

Operation with ca. 2800 bunches @ 25ns spacing 
è approximately 30 unwanted collisions per 
Interaction Region (IR) in the LHC

è even more for HL-LHC!

64
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HL-LHC

Geometric Luminosity 
Reduction Factor:

F = 1
1+Θ2

;    Θ≡
θcσ z

2σ x

effective cross section

€ 

β*

F(β*)

• Reduces the effect of 
geometrical reduction factor 

• Independent for each IP

• Noise from cavities to beam 
è Beam size; losses and 

phase control!!!
• Challenging space constraints:

è requires novel compact 
cavity design

Crab Cavities:

HL-LHC Upgrade Ingredients: Crab Cavities

65
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HL-LHC cavity designs
RF Dipole: Waveguide or
waveguide-coax couplers

Double ¼-wave: 
Coaxial couplers with
hook-type antenna

2 Designs with 
Different Coupler concepts and
for crossings in the vertical and 

horizontal planes

Present baseline: 4 cavities / IP / side è 16 total

66

Present baseline: 2 cavities within one common 
cryostat è need 4 cryo-modules per CC type
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Ion Collimation:Planar channeling in bent crystal

Critical angle at the LHC energy 
frontier (Si crystals):
LHC 450 GeV = 9.4μrad
LHC 6.5 TeV = 2.4μrad
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Coherent interactions

Phys. Rept. 815 (2019) 1-107)
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Primary Secondaries Absorbers

Beam

Standard collimation

Crystal collimation

§ Feasibility demonstrated at the LHC in Run 2 with a prototype setup, at 
6.5 TeV (example above for proton beams)

§ Now used as baseline upgrade scenario to dispersion suppression 
collimation for heavy-ion beams

§ Critical: angular control with sub-μrad accuracy to ensure channeling

Beam

Absorber

Crystal 

???

Crystal-based collimation

Collimators

Crystals + Collimators
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• Full crystal collimation 
system (4 crystals, one 
per beam per plane) 
available since 2023. 
Specs: 4 mm, 50μrad 
bending

• Used operationally for 
lead ion beam 
collimation.

• Tests in 2025 with new 
species: oxygen and 
neon beams

Installation of Crystal Collimators for the Ion Run

71

A new generation of crystal collimators are installed 
in the LHC tunnel to provide improved capabilities 

for ion beam operation in the HL-LHC era 
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Crystal setup assisted by Machine Learning (ML)

72

• ML is used to detect potential loss of channeling
• Key inputs: BLM at key-collimator locations
• Target output: Crystal angular error from optimal 
channeling orientation

• Through identification of the “amorphous” 
and channeling orientations

• Feed-forward neural network — FNN — being 
used; simulation framework to train the model
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Ion luminosity production in 2024
Bunch intensity Max. stored beam energy

2023 1.6×108 Pb/bunch 17.3 MJ

2024 2.3×108 Pb/bunch 26.9 MJ

HL-LHC 1.8×108 Pb/bunch 20.5 MJ

Luminosity production

• Proton-proton reference run (7 days) completed

• ALICE, ATLAS, CMS

• Reached target of 1.9 nb-1, 2h levelling at 6.4x1027 cm-2 s-1

• Almost same luminosity in 2024 as 2023, in half the time

• Mean daily production: 142 µb-1

• HL-LHC projection was: 118 µb-1

• LHCb

• About double the luminosity in 2024 than in 2023, in half the time

• Mean daily production: 37 µb-1

• HL-LHC projection was: 20 µb-1
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International Collaboration:
The Insertion Region (up to Q4)

Lucio Rossi - HiLumi LHC to the CERN guides - Globe 26 February 2019
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Q1
Q2a

Q2bQ3CPD1
DFXDFM

Connection to LHC (UL) Service gallery (UR)

TAXS

Crab cavities

UA Gallery

Q4 Collimators

TAXN

Service cavern

SC Links

D2
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Q2 – Overall status

75

MQXFBP2: being prepared for the HL-LHC string MQXFB03: test ongoingMQXFBP3: in the HL-LHC string

MQXFB08: magnet assembledMQXFB06: cryostating ongoing MQXFB07: cold mass finishing

4 more magnets to build (B09-B12)

At full production speed! Ca. 50% of Cold-Mass-Assemblies done 

MQXFB04: fully qualified for HL-LHC ✓
MQXFB05: fully qualified for HL-LHC ✓
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Q1/Q3: Status and progress in the US: also ca 50% done

§ Achievements in the last 12 months:
• The second cryo-assembly (Q1 for the string) has been

successfully tested and arrived at CERN.
• 5 magnets assembled, 4 passed the vertical test.
• AUP can work in two cold masses in parallel, the issues with

electrical integrity have been solved.

§ Issues and concerns: 
§ 4 out of 13 virgin magnets failed during vertical testing

§ Coil replacement has been demonstrated in 3 cases, but
has impact on cost and schedule. 

§ In the current working schedule, the last magnet for installation 
(LMQXFA10) arrives beginning of 2027

§ The critical path is now in the vertical testing. 
§ Flattop quenches in one of the magnets in the first cryo-

assembly tested at CERN.
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Susana Izquierdo Bermudez
@ Chamonix 2025

Accepted On-going To do Spares in grey
Remark: not-conformed coils not shown

LMQXFA03 ready to be 
installed in the horizontal 

test facility 

LMQXFA04 cold mass 
close to completion

LMQXFA05 longitudinal 
welding completed

LMQXFA06 magnets 
being prepared

LMQXFA01 and LMQXFA02 at CERN, being 
prepared for the string

Coil FNAL
Coil BNL
Magnet assembly
V test (BNL)
cold mass
H test (FNAL)
H test (CERN) to the string

test at CERN test at CERN test at CERN 
LQXFA07 LQXFA08 LQXFA09 LQXFA10LQXFA01 LQXFA02 LQXFA03 LQXFA04 LQXFA05 LQXFA06

15 13b 18 12b
24

3 4 5 6 10 11 14b 8b 7b
17b 19 20 21 22 237b 15 13b 18 12b 163 4 5 6 10 11 14b 8b
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D1: Status and progress
§ Achievements in the last 12 months:

§ MBXFBP1 is installed in the string
§ MBXF1 was delivered to CERN
§ MBXF2 and MBXF3 test completed, magnets are 

conform
§ Issues and concerns: 

§ Very sequential production, with a large delay between 
magnet vertical test and delivery, today the last magnet 
for installation is MBXF5, ready for installation in mid 
2027. 
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Legend Completed In Fabrication To do

Coil
Magnet
V test (KEK)
Cold mass
H test (CERN) MBXF1 MBXF2 MBXF3 MBXF4 MBXF5 MBXF6

MBXF1 @ CERN, December 2024

(T. Nakamoto, J. C. Perez, et al) 

Spares in grey
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Transition to LHC tunnel

Work started at End Run1 during 2018
Construction Finished End 2022

IR1/5 underground civil engineering completed in 2022

78
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Ceremony for completion of CE on January 20th 2023

79
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Completion of the civil engineering works:
Surface Buildings

80

SF
17

SH
M

17

SD
17

SE
17

SU
17

Example Point 1
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Status of infrastrucuture installations at P5

81

Status End 2024
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QXL installation (phase 1A-1) + Refrigeration

§ Installation of cryogenic distribution line about to start in new underground galleries (first phase 
1A-1), with completion of phase 1 required in 2026 (avoiding resource overlap with LS3)

§ Installation of refrigeration plants and vertical line (connection through shaft) commencing end 
2025 

§ Activities remain schedule critical due to quantity of remaining design work and coactivity 
constraints. Additional internal resources are being redeployed to ensure work remains on track, 
with main focus on Phase 2 (installation in the LHC tunnel)

82

See presentation by Vanessa Gahier on Tuesday
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Refrigerator Manufacturing & Assembly and Installation 
Cold Compressor Box AssemblyInstallation of Steel structure in SHM building 4.5 K Cold box Assemblyvv

Vertical transfer line spool manufacturing

WCS Purge panel completed

Compressor skid in factory

Compressor skid in wooden package

83

Compressor skid arrived last week
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DQW Crab cavity cryo-module for installation in the SPS

84
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First proton crabbing ever!

85

Study and R&D 
has been very 
useful to obtain 
this result

Beam TEST in SPS ongoing between 2018-2023
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RFD cryomodule assembled in UK and being tested in
M7 bunker (SM18-CERN) in 2024 before installation in SPS 

in YETS 2024 / 2025 86
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RF Dipole, MD #1

Despite the non-ideal situation with 
temperature and vibrations, MD #1 for crab 
cavity setup with beam was successfully 
carried out at 1 MV /cavity in 2025

Horizontal crabbing with protons – for the first 
time !

See Rama Calaga on RFD MDs on Thursday 
parallel session
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LS3 Schedule: Latest Version [October’25] fits into 47 months!

LSS dismantling after cryo lockout

Cabling dismantling 

Core excavation (LHC side)

Cabling installation 

LSS installation

LS3 Schedule – TCC October 2025

Cool-down, related test and HWC

88

Plus
• Injector Complex
• North Area Consolidation
• HI-ECN3
• Experiments (+CO2 cooling)
• …

Long Shutdown 3 (LS3) 
is going to be very busy!

Triplet installation planned for Q1 to Q2 2029

CC installation planned for Q4 ‘28 to Q2 ‘29

Q2 2026

Q2 2030

It fits, but with a success 
oriented planning

è Currently working on 
options to provide 

additional flexibility
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Next Milestone: HL-LHC IT STRING: P5L

89

P5

P5L

P5R
SPS

HL-LHC

P1

P2

P3

P4
P5

P6

P7

P8

HL-LHC IT-String
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The IT STRING will deliver the first complete experience 
of installing and operating the IT zone

The scope of the IT STRING is to represent, as best as reasonably achievable in a surface building, the various operation
modes to STUDY and VALIDATE the COLLECTIVE BEHAVIOUR of the different systems of the HL-LHC’s IT zone
(magnets, magnet protection, cryogenics of the magnets andof the superconducting link, magnet powering, vacuum,
alignment, interconnections between magnets, and the superconducting link itself).

90

The IT STRING Scope

Installation of IT-String started and will proceed throughout 2025. 
Cooldown and Start of powering planned for End 2025

HL-LHC IT-String
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IT String Installation in SM18: Q1 up to D1 inclusive!

Installation started and foreseen until 2023

è Operation planned in 2024 and 2025

HL-LHC Introduction to hilumi newcomers
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Q2a cold mass installation

92
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Sc Link INSTALLATION IN THE IT STRING

93
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IT-String Installation

94
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Run3 operation

95

Approval of 
HL-LHC Project

EU funded HiLumi
Design Study

LHC Operation ends in 2026
è HL-LHC upgrade to take 
over as of 2030 after LS3
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HL-LHC physics production

96

• Ions physics run recently approved in 2031-2041
Expected target reduced from 3000 fb-1 to 2771 fb-1

• How could 3000 fb-1 could be recovered?
Machine could provide higher pile-up to compensate, if requested by experiments
Limit considering engineering margins PU = 200
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LS3 Schedule: Latest Version [October’25] fits into 47 months!

LSS dismantling after cryo lockout

Cabling dismantling 

Core excavation (LHC side)

Cabling installation 

LSS installation

LS3 Schedule – TCC October 2025

Cool-down, related test and HWC
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Plus
• Injector Complex
• North Area Consolidation
• HI-ECN3
• Experiments (+CO2 cooling)
• …

Long Shutdown 3 (LS3) 
is going to be very busy!

Triplet installation planned for Q1 to Q2 2029

CC installation planned for Q4 ‘28 to Q2 ‘29

Q2 2026

Q2 2030

It fits, but with a success 
oriented planning

è Currently working on 
options to provide 

additional flexibility
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HL-LHC Summary

O. Brüning @ HL-LHC Annual meeting in Genoa, 6th October 2024

Published in 2024 and available 
as

Open Access Publication
https://doi.org/10.1142/13487

ISBN: 978-981-127-894-5

https://doi.org/10.1142/13487
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Questions?

99
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The LHC performance fully relies on the performance of its injector complex
• By itself one of the largest accelerator facility in the world with its own 

diverse and, for many aspects, unique physics program

The LHC is NOT a Standalone Machine

§ LHC : 2x(0.45 – 7) TeV

§ SPS : 26 – 450 GeV

§ PS : 2 - 26 GeV
§ PSB : 0.16 -2 GeV

§ Linac 4: 0-160 MeV H-

LHC Injector Upgrade Project

Installation finished in LS2

è Commissioned in LHC Run3 Period
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Magnet Validation for IT-String

Being tested @ FNAL;
Expected @ CERN by
November 2024

O. Brüning @ HL-LHC Annual meeting in Genoa, 7th October 2024
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1983 : First studies for the LHC project
1988 : First magnet model  (feasibility)
1994 : Approval by the CERN Council
1996-1999: Series production industrialisation
1998 : Declaration of Public Utility & 

Start of civil engineering
1998-2000: Placement of main production contracts
2004 : Start of the LHC installation
2005-2007: Magnets Installation in the tunnel
2006-2008: Hardware commissioning
2008-2009: Beam commissioning and repair 

As of 2010: Physics exploitation

14 TeV proton-proton accelerator-
collider built in the LEP tunnel è

requires ca. 9T magnets!!!

LHC (Large Hadron Collider): Magnet Technology

A 27 km circumference collider…

Ca. 20 years magnet development!!!

è Significant Time scale extending well beyond that of a physicist career!!!
10

2

Ca. 30 years machine development!!!

è 200000 times the 
earth magnetic field!!

è Not feasible with 
Normal conducting magnets

HL-LHC Introduction and LHC overview
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LHC: was already Considered from the Start of  LEP
1989 to 2000

Lausanne 
ECFA-CERN
Workshop
1984

LEP 
Design
Report
1984
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104

Multi-wire cable: the way to 10-100 kA!

LHC Magnet Technology:
Thousands of fine Nb-Ti filaments well 
separated along km of wires
Industrial production via extrusion

Cable of 15 kA!)

HL-LHC Introduction and LHC overview
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Nb3Sn is brittle and cannot be drawn in final form –
contrary to NbTi
Strand is drawn before cable is formed before the wire is 
heat-treated to form the Nb3Sn superconductor!

The Nb3Sn SC Challenge:

HL-LHC Introduction and LHC overview
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The MS region with in-kind contributions

106

Crab cavities
D2

Collimators

TAXN

Service cavern

UA gallery

Q4
(BBLR)

HL-LHC Introduction and LHC overview
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Testing @ FNAL in 2023

Collaborations: MQXFA - CA01

107

§ 10 out of 20 [+1] magnets produced and validated in vertical tests
§ First horizontal cold mass reached performance – no retraining after thermal cycle

ST
AT
U
S

The magnet featured 3 quenches at flat top 
during magnetic measurement @ CERN 
after 1.5h, 3h and over 11h holding current

è Origin still to be understood
è But fully operational @ 6.8TeV 

HL-LHC Introduction to hilumi newcomers


