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ÁConclusions
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p collisions Ebeam> 5 TeV LHC: E = 7 TeV

Introduction: LHC Performance Goals

Collision energy:Higgs discovery requires ECM> 1 TeV

Instantaneous luminosity:rate of events in detector

Integrated luminosity:  total number of events   L

= L×s event

depends on the beam lifetime, the LHC cycle and
turn around time and overall accelerator efficiency

rare events              L > 1033cm-2sec-1 L = 1034cm-2sec-1

= L(t)dtò
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300 fb-1 with 1barn = 10-28m2 and femto = 10-15

[3.5/4TeV; 6.5TeV; 6.8TeV]

[2Ҏ1034cm-2sec-1]

[360 fb-1]
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After that itôs been quite a ride
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Run 3

]
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ÅMany questions remain! (Higgs properties/couplings?, more than just 1 
Higgs? Beyond SM physics? Dark Matter/energy?)

ÅThe main objective of the HL-LHC is to determine and build a hardware 
configuration and a set of beam parameters that will allow the LHC to 
reach the following targets:

Prepare machine for operation beyond 2025 and up to the early 2040s

Devise beam parameters and operational scenarios for:

# enabling at total integrated luminosity of 3000 fb-1

# implying an integrated luminosity of 250 fb-1 per year, 

# design oper. for ˃ Җ мпл (Č peak luminosity 5 x 1034 cm-2 s-1)

Goal of HL-LHC upgrade project

Implies overcoming several limitations in the existing LHC!!!
Cryocoolingof triplet magnets & radiation damagein triplet magnets & machine 

efficiency!

But also for the experiments!!

Č Need for an Upgrade!
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5 events 400 events



CAS, November 2024             Markus Zerlauth, CERN 10

fl
ὔὪ Ὧ

τ“‍z‭
Ὂ

Increase bunch population

Higher Intensity

Smaller ‍ᶻ Reduced emittance

Smaller beam size at IP 

Crossing angle 

reduction factor

Shorter bunches, 

smaller crossing 

angle, crab cavities

Increase F
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HL-LHC Design Parameters 

LHC Magnet system

LHC injector complex

LHC injector complex

HL-LHC triplet magnets

HL-LHC crab cavities

Machine operation &
availability
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Run3  operation
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Approval of 
HL-LHC Project

EU funded HiLumi
Design Study

HL-LHC OperationWe are here

Č ~1.5 years until start of Long Shutdown 3

Č 80% of the project budget of ~1.1 BCHF already committed

Č The project is ready for installation start in 2026! Č endorsed by 2023 C&SR
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HL-LHC technology landmarks

No accelerator upgrade 
project has so many 
challenging novelties covering 
such a broad technology 
spectrum

Technology intensive project!

Major upgrades in P1 and P5, 
large fraction of LHC will
remainunchanged

14
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distance from IP [m]

peak dose longitudinal profile

7+7 TeV proton interactions
IT quadrupoles

MCBX-1
MCBX-2

MQSX
MCTX nested in MCBX-3

MCSOX

Q2

27 MGy

MCBX3 

20 MGy

Cold bore 

insulation

å 35 MGy

ATLAS

CMS

Epoxy and most insulation materials 
will become brittle at these 
radiation levels and loose their 
mechanical integrity!!!

HL-LHC Technical Challenges: Triplet Magnets

Operation beyond 2026:

Requires replacement of LHC Triplet magnets

10 x the luminosity Č Requires new, more radiation resistant 
triplet magnets

15
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CMS

ATLAS

Need for shielding and larger crossing angle results in 
aperture of 150 mm, requiring novel Nb3Sn superconductors

Longer Triplet assembly implies longer distance over which 
the 2 LHC beams share the same path!

Čca. 40 unwanted [parasitic] collision points

ČCrossing angle & Crab Cavities

New HL-LHC Triplet Layout
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New interaction region layout

ÁNew insertion and final focusing magnets 
Á Main quadrupole magnets MQXFA (Q1, Q3) from AUP and MQXFB (Q2) from CERN

Á Superconducting separation and recombination dipoles, D1 from Japan and D2 from Italy 

Á Higher Order Corrector package (CP)  and orbit correctors (MCBX) from Italy and Spain
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Č Requires larger aperture!

Č 70 mm at 210 T/m Č150 mm diameter 140 T/m

8 T peak field at coils Č 12 T field at coils (Nb3Sn)!!!

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

Tungsten blocks

Capillaries
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US-LARP MQXF magnet design
Based on Nb3Sn

technology

Č New magnet technology!

HL-LHC technical bottleneck:
Radiation damage to inner triplet magnets



Nb3Sn quadrupole: Transition from Prototype to Series 

production

Second short (1.5 m) under 

preparation for test at CERN

Insertion of coil package inside

mechanical structure of the first IT quad

prototypes (4.2 m long) in LBNL-USA



MQXFB: From prototypes to series
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Á MQXFBP2: limited at 15 kA (~6.5 TeV)

Á MQXFBP2: limited at 16 kA (~6.8 TeV)

Á MQXFBP3 (previously called MQXFB01): tested in August 2022, nominal +300 A reached with 

one training quench, three thermal cycles without degradation

ÁOld coils, old magnet assembly procedure, first magnet with optimized welding of SS shells (cause 1)

Á Performance limitation still visible at 4.5 K, above operational levels (2 K margin, 0.3 K needed)

MQXFBP3 training [F. Mangiarotti, S. Izquierdo Bermudez, et al.]

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

Cut 1

Sector A

Cut 1
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Å After steady progress with prototypesand first of series which already reached acceptance criteria at 1.9K,
MQXFB03is the 3rd magnet of 3-stage strategy,integrating full set of improvements for cold mass assembly, 
magnet loading and coil manufacturing

Å It was tested in Q3/Q4 2023and is the first 7.2-m-long MQXFB magnet to achieve target current of 16.53 kA 
at both 1.9 K and 4.5 K.

Å It showsgood endurance after 2 warm-up/ cooldown cycles with no retraining at 1.9 K;no ramp rate 
degradation up to 100 A/s; initial training quenches at 1.9 K are all in coil ends

A. Devred, et al.

Improvement Plan for MQXFB
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MQXFB04: fully qualified for HL-LHC ṉ

MQXFBP2: being prepared for the HL-LHC string
MQXFB03: ready to be tested in Q2 conf.

MQXFB05: fully qualified for HL-LHC ṉMQXFBP3: in the HL-LHC string

MQXFB08: magnet assemblyMQXFB06: cold mas finishing MQXFB07: preparing for welding

Acknowledgement: Susana Izquierdo Bermudez
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Cold Masses and CryoAssemblies

Technical Progress
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LQXFAB-01 at CERN

Cold Mass 04 at FNAL

MQXFA14b, MQXFA8b MQXFA07b, MQXFA15b

LQXFAB-02 leaving IB1 after cold test

Completed CA03 at FNAL

Cold Mass 05 at FNAL

MQXFA03, MQXFA04

MQXFA05, MQXFA06

MQXFA10, MQXFA11

L Rossi & O. Brüning @ Director review for CD2 - 18 July 2018
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Magnets 

Arrival of AUP magnet @ CERN

https://videos.cern.ch/record/2299403
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HL-LHC Challenges: Crossing Angle I

Maximize the number of Protons:

non-linear fields from long-range beam-beam interaction:

Č Operation requires crossing angle

efficient operation requires large beam separation at unwanted collision 

points  Č Separation of 10 -12 s Č large crossing angle at Interaction Point!

Insertion Layout:
ca.130m Č 150m

ca.50m

Operation with ca. 2800 bunches @ 25ns spacing 

Č approximately 30 unwanted collision per 

Interaction Region (IR).

25
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Geometric Luminosity Reduction Factor:

ÅChallenging space constraints ς194 mm 

separation between the 2 beams

Č requires compact cavity design

Crab Cavities:

effective cross section

   

b *

F(b* )

Full Crossing angle:

285 mradLHC TDR

-> 329 mradin LHC op

-> 500 mradHL TDR

DQW RF-Dipole 

HL-LHC Technical Challenges: Crab Cavities

nomLHCnom HL-LHC earlyLHC
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Industrial DQW Series (RI)

Á1st pre-series jacketed cavity with excellent results, metrology to be 
finalized before acceptance

Á2nd cavity in metrology and cold tests soon



CAS, November 2024             Markus Zerlauth, CERN

Crabcavitycryo-modules for installation in the SPS
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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


