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- LHC accelerator: recall in few slides

- Run 2 (from LS1 to LS2)  13 TeV; 150 fb-1

- Run 3  14 TeV; 300 fb-1

- High Luminosity LHC project  3’000 fb-1

- Post-LHC machines:
World studies
Future Circular Colliders (FCC)  towards 100 TeV

- Conclusion

Outline
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1983 : First studies for the LHC project

1988 : First magnet model  (feasibility)

1994 : Approval of the LHC by the CERN Council

1996-1999 : Series production industrialisation

1998 : Declaration of Public Utility & Start of civil

engineering

1998-2000 : Placement of the 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 

2010-2037: Physics exploitation

2010 – 2012 : Run 1 ;7 and 8 TeV

2015 – 2018 : Run 2 ; 13 TeV
2021 – 2023 : Run 3 (13 TeV – 14 TeV)

2024 – 2025 : HL-LHC installation

2026 – 2037… : HL-LHC operation

14 TeV proton-proton 
accelerator-collider built in the 

LEP tunnel

LHC (Large Hadron Collider)

Lead-Lead (Lead-proton) collisions

A 27 km circumference collider…
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LHC: 
technological challenges

•The highest field accelerator magnets: 8.3 T (1232 dipole magnets of 15 m)

•The largest superconducting magnet system (~10’000 magnets)

•The largest 1.9 K cryogenics installation (superfluid helium, 150 tons of LHe to cool 
down 37’000 tons)

•Ultra-high cryogenic vacuum for the particle beams (10-13 atm, ten times lower than 
on the Moon)

•The highest currents controlled with high precision (up to 13 kA)

•The highest precision ever demanded from the power converters (ppm level)

•A sophisticated and ultra-reliable magnet quench protection system 
(Energy stored in the magnet system:  ~10  Gjoule, in the beams > 700 MJ)

The specifications of many systems

were over the state of the art.

Long R&D programs with many

institutes and industries worldwide.
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10 GJoule  flying 700 km/h

Energy management challenges

Energy stored in the magnet system:  10 GJoule

Energy stored in the two beams:  720 MJ   [ 6 1014 protons (1 ng of H+) at 7 TeV ]

700 MJ melt one ton of copper 
700 MJoule dissipated in 88 ms

700.106 / 88.106   8 TW

World Electrical Installed Capacity 

 3.8 TW

1 electron volt = 1,602× 10-19 joule

560 tons

10 GJoule  55 km/h

88’000 tons
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2010: 0.04 fb-1

7 TeV CoM

Commissioning

2011:  6.1  fb-1

7 TeV CoM

… exploring limits

2012:  23.3  fb-1

8 TeV CoM

… production

BEH boson 
announcement

LHC 2010-2012: Run 1

 30  fb-1

 2 1015 collisions 

7 TeV cm in 2010 and 2011

8 TeV cm in 2012

Up to 1380 bunches 

with1.5 1011 protons



From individual theoretical physicist idea….

…to collective innovation !

1964
1964-2012



Nobel Prize in Physics 2013

The Nobel Prize in Physics 2013 was awarded jointly to François Englert

and Peter W. Higgs "for the theoretical discovery of a mechanism that

contributes to our understanding of the origin of mass of subatomic

particles, and which recently was confirmed through the discovery of the

predicted fundamental particle, by the ATLAS and CMS experiments at

CERN's Large Hadron Collider”.
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2013 - 2015

13-14 Aug 14-Apr 

15

2015

April ‘13 to Sep. ‘14

Dipole training campaign

1st B   E   A   M

5th April

3rd June

First Stable Beams

10th April

Beam at 6.5 TeV

28th October

Physics with record number of bunches

Peak luminosity 5 x 1033 cm-2s-1

Struggle IONS
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LHC 2017 : Integrated Performance

Peak luminosity

2.0 1034 cm-2 s-1

With luminosity 

levelling at 

1.5 1034 cm-2 s-1

Availability: 81%

2017 goal:

45 fb-1

BCMS 8b+4e
16L2

dumps 

Achieved : 50 fb-1
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- Introduced separation levelling for all 

experiments (Separation levelling is used since many years 

for ALICE and LHCb)

- Dynamic orbit bump changes overlap of 

colliding bunches 

- Initial spike before leveling reaching 

2.2×1034 cm-2s-1

Courtesy of Roderik Bruce

LHC 2017 : separation levelling
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- In certain conditions and depending on the experiments request, it is desirable 

to adapt the luminosity dynamically with beams in collision – levelling

- Each levelling technique has its advantages and drawbacks

Levelling by beam offset / separation

Levelling by b* (= beam size at IP)

Levelling by crossing angle

Complexity

Luminosity Levelling
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- Initially ATLAS & CMS luminosity levelled at 1.5x1034 cm-2s-1, using 

beam separation

- Later anti-levelling by reducing the crossing angle and increase the 

instantaneous luminosity

Luminosity Levelling (separation)

& 

Anti-Levelling (crossing angle)
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LHC Training Dipoles

172 training quenches

600 secondary quenches

Only 1 quadrupole quench

Each Sector Trained to          

6.55TeV (11080A) 
(100 A above the operational field)

≈ 7.82 T

2015

End of 2016

2017
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NO change of beam energy in 2017 and 2018

Goal is to prepare the LHC to run at 14 TeV during Run 3.

Beam energy : Run 2 @ 13 TeV c.m. 

Run 2

Study how to reinforce the insulation

(and to clean) during LS2 the

electrical part connecting the dipole

bypass diode.

Powering tests before and during

LS2 should be defined

Working group was set up:

How ?, How long ?, How much ?

Work will be done during LS2
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Main scope and goals :
Study divided into 3 parts:

1. Implications for pushing the LHC to 7 TeV (nominal

energy) (report by March 2017 – Done)

2. Implications for pushing the LHC to 7.7 TeV (ultimate

energy) (report by June 2018 but better knowledge after LS2)

3. Implications and feasibility for pushing the LHC beam

energy beyond ultimate by replacing some of the LHC

magnets with 11T magnets (report by end 2018 on feasibility)

Working group – Chair: Oliver Bruning

Full Energy Exploitation of the LHC 
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Ion runs in 2016 (p-Pb) and 2018 (Pb-Pb)Run 2

• > 50 fb-1 in 2018 (goals will be fixed at Chamonix 2018 )

• Prepare for HL-LHC and post-LS2 LIU era 

∑(Run1 + Run2) >150 fb-1

∑(Run1 + Run2 + Run 3) > 300 fb-1
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Why High-Luminosity LHC ? (LS3)

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 in about 10 years

Around 300 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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Europe’s top priority should be the exploitation of the full potential of

the LHC, including the high-luminosity upgrade of the machine and

detectors with a view to collecting ten times more data than in the

initial design, by around 2030. This upgrade programme will also

provide further exciting opportunities for the study of flavour physics and

the quark-gluon plasma.

HL-LHC from a study to a PROJECT

300 fb-1 → 3000 fb-1

including LHC injectors upgrade LIU
(Linac 4, Booster 2GeV, PS and SPS upgrade) 

The European Strategy for Particle Physics 

Update 2013
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Increase injector reliability and lifetime to cover HL-LHC run 

(until ~2040) closely related to consolidation program

 Upgrade/replace ageing equipment (power supplies, magnets, RF…)

 Improve radioprotection measures (shielding, ventilation…)

Increase intensity/brightness in the injectors

to match HL-LHC requirements

 Enable Linac4/PSB/PS/SPS  to accelerate and manipulate higher intensity 

beams (efficient production, space charge & electron cloud mitigation, 

impedance reduction,  feedbacks, etc.)

 Upgrade the injectors of the ion chain (Linac3, LEIR, PS, SPS) to produce 

beam parameters at the LHC injection that can meet the luminosity goal

Goals and means of the LHC 

Injectors Upgrade: LIU project
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LINAC4 – PS Booster:

– H- injection and increase of PSB injection energy from 50 MeV to 160 MeV, to 
increase PSB space charge threshold

– New RF cavity system, new main power converters

– Increase of extraction energy from 1.4 GeV to 2 GeV

These are only the main modifications 

and this list is far from exhaustive

LS2 : (2019-2020), LHC Injector Upgrades (LIU)

SPS
− Electron Cloud mitigation – strong feedback system, or coating of the vacuum system

− Impedance reduction, improved feedbacks

− Large-scale modification to the main RF system 

PS:
− Increase of injection energy from 1.4 GeV to 2 GeV to increase PS 

space charge threshold

− Transverse resonance compensation

− New RF Longitudinal feedback system 

− New RF beam manipulation scheme to increase beam brightness
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LINAC 4: Reliability Run from June 2017

- Linac4 operation fully integrated in CERN Control Center: run 

since 30th October by PSB operations team

- Accelerator Fault Tracker deployed to assess availability (faults 

mainly from power converters, RF and pre-chopper)

- Source exchanged in September 2017 to increase current, other 

options being investigated to further improve performance

- Linac4 Working towards post-LS2 operational beam conditions 

Average availability for weeks 44-47: ~87%

RFQchopper lineDTLCCDTLPIMS

160 MeV 104 MeV 50 MeV 3 MeV
86 m
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Goal of High Luminosity LHC (HL-LHC):

The main objective of HiLumi LHC Design Study is to determine 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 2035-37

Devise beam parameters and operation scenarios for:

#enabling a total integrated luminosity of 3000 fb-1

#implying an integrated luminosity of 250-300 fb-1 per year, 

#design for m  140 ( 200) ( peak luminosity of 5 (7) 1034 cm-2 s-1)

#design equipment for ‘ultimate’ performance of 7.5 1034 cm-2 s-1 

and 4000 fb-1

=> Ten times the luminosity reach of first 10 years of LHC operation
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Luminosity recipe :

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’

LHC Upgrade Goals: Performance optimization

L =
nb ×N1 ×N2 ×g × frev

4p ×b* ×en
×F(f,b*,e,s s )

Injector complex 

LIU IBS

triplet aperture

25ns

Crab Cavities

 minimize number of 

unscheduled beam aborts
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Luminosity Levelling, a key to success

• High peak luminosity

• Minimize pile-up in 

experiments and provide 

“constant” luminosity

• Obtain about 3 - 4 fb-1/day 

(40% stable beams)

• About 250 to 300 fb-1/year
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The HL-LHC Project: 300 fb-1 → 3000 fb-1

 New IR-quads Nb3Sn

(inner triplets)

 New 11 T Nb3Sn 

(5.5 m dipoles)

 Crab Cavities

 Collimation upgrade

 Cryogenics upgrade

 Cold powering

 Machine protection

 …

Major intervention on more than 1.2 km of the LHCMajor intervention on more than 1.2 km of the LHC

Formal approval by CERN Council (June 2016)

Cost to Completion

Material : 950 MCHF
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Squeezing the beams: High Field SC Magnets

Quads for the inner triplet 
Decision 2012 for low-β quads

Aperture  150 mm – 140 T/m 

(Bpeak ≈12.3 T)

operational field, designed for 13.5 T 

=> Nb3Sn technology
(LHC: 8 T, 70 mm )

βtriplet Sigma

triplet

β* Sigma*

Nominal ~4.5 km 1.5 mm 55 cm 17 um

HL-LHC ~20 km 2.6 mm 15 cm 7 um
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0.7 mm, 108/127 stack RRP from Oxford OST

The « new » material : Nb3Sn
‒ Recent 23.4 T (1 GHz) NMR Magnet 

for spectroscopy in Nb3Sn (and Nb-

Ti). 

‒ 15-20 tons/year for NMR and HF 

solenoids. Experimental MRI is taking 

off

‒ ITER: 500 tons in 2010-2016! 

It is comparable to LHC (1200 tons of 

Nb-Ti but HL-LHC will require only 20 tons of 

Nb3Sn )

‒ HEP ITD (Internal Tin 

Diffusion):

• High Jc., 3xJc ITER

• Large filament (50 µm), 

large coupling current...

• Cost is 5 times LHC Nb-Ti

NMR

MRI
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LS2 : collimators and 11T Dipole
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12.37 T

MBHSP101 MBHDP101

Aperture 60 (mm)

Field 10.8 (T)

Current 11850 (kA)

Peak field 11.35 (T)

40 strands cable
(14.7 mm x 1.27 mm)

RRP strand (0.7 mm,108/127)

JC: 2450 A/mm2 (12 T, 4.2 K)

Cu:non-Cu: 1.15

Courtesy of F. Savary, J. C. Perez, G. Willering, CERN

HL-LHC 11T dipole (MBH)  R&D
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11T dipole (Nb3Sn): long prototype under assembly at CERN (Bldg 180 Facility)



32

LHC & Future High-Energy Circular Colliders 

Frédérick Bordry 

JUAS 2018– European Scientific Institute - Archamps – 17th January 2018

Aperture 150 (mm)

Gradient 132.6 (T/m)

Current 16.47 (kA)

Peak field 11.4 (T)
40 strands cable
(18.15 mm x 1.52 mm)

RRP strand (0.85 mm,108/127)

JC: 2450 A/mm2 (12 T, 4.2 K)

Cu:non-Cu: 1.2

Courtesy of G. Ambrosio, G. Chlachidze, US-LAUP and CERN

The challenge for high field magnets:

- Limit the training and keep memory !

- Increase Jop/JC (presently at ≈ 40 % for Nb3Sn at 1.9 K)

HL-LHC quadrupole R&D
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Nb3Sn quadrupole: 1st long prototype under construction

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
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Geometric Luminosity 

Reduction Factor:

F =
1

1+Q2
;    Q º

qcs z

2s x

effective cross section

F(b*)

• Reduces the effect of 

geometrical reduction factor 

• Independent for each IP

• Noise from cavities to beam?!?

• Challenging space constraints

Crab Cavities:

HL-LHC Upgrade Ingredients: Crab Cavities
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Excellent first results: e.g. RF dipole > 5 MV
¼ w and 4-rods also tested (1.5 MV) 

1.0E+08

1.0E+09

1.0E+10

0 5 10 15 20

Q
0

ET (MV/m)
1.0E+09

1.0E+10

0.0 1.5 3.0 4.5 6.0 7.5

Q
0

VT (MV)

Quench
4.2 K result

2 K result

1.0E+09

1.0E+10

0 5 10 15 20

Q
0

ET (MV/m)
1.0E+09

1.0E+10

0.0 1.5 3.0 4.5 6.0 7.5

Q
0

VT (MV)

Initial goal was 3.5 MV
however V > 5-6 MV would 
ease integration

5

J Delayen ODU
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Crab cavity cryo-module ready to be installed in SPS
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Q1-Q3 : R&D, Design, Prototypes 

and in-kind USA

D1 : R&D, Design, Prototypes 

and in-kind JP

MCBX : Design and Prototype ES

HO Correctors: Design and 

Prototypes IT

Q4 : Design and Prototype FR

CC : R&D, Design and in-kind  USA CC : R&D and Design UK

ATLAS

CMS

In-kind contributions and collaborations

for design, prototypes, production and tests

Discussions are ongoing 
with other countries, e.g
Canada, China, Korea… 

http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-States-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Japan-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/France-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Spain-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/United-Kingdom-icon.html
http://www.iconarchive.com/show/flag-icons-by-gosquared/Italy-icon.html
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Run I Run II Run III Run IV, V…

FAV = Fabrication, Assembly and Verification 

today
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with emphasis on proton-proton and electron-positron high-energy frontier

machines. These design studies should be coupled to a vigorous accelerator R&D

programme, including high-field magnets and high-gradient

accelerating structures, in collaboration with national institutes,

laboratories and universities worldwide.

HFM - FCC HGA - CLIC

“to propose an ambitious post-LHC accelerator project at 

CERN by the time of the next Strategy update”

d) CERN should undertake design studies for accelerator projects in a global context,CERN should undertake design studies for accelerator projects in a global context,



40

LHC & Future High-Energy Circular Colliders 

Frédérick Bordry 

JUAS 2018– European Scientific Institute - Archamps – 17th January 2018

“CERN should undertake design studies for accelerator projects in a global 

context, with emphasis on proton-proton and electron- positron high-

energy frontier machines.”

Highest possible energy e+e-

with CLIC (CDR 2012) 

Multi-lateral collaboration
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41

The CLIC project

Main goal for the European Strategy update :
• Cost and power optimised 380 GeV machine (~11 km) 

(drivebeam and klystrons), upgradeable to 3 TeV

Key technical activities in the CLIC  collaboration:
• X-band statistics and optimization for cost
• Work with FEL labs using technology in smaller 

machines 
• Permanent magnets (power)
• High Efficiency klystrons (power and cost)
• Stability and alignment (lumin. performance)
• Tests CTF3, CLEAR, ATF2, Low emittance rings  
• Physics and detectors   

DRIVE BEAM LOOPS

DRIVE BEAM INJECTOR

BYPASS TUNNEL

e- INJECTION DESCENT TUNNEL

DAMPING RINGS

MAIN BEAM INJECTOR

INTERACTION REGION 

DRIVE BEAM DUMPS

COMBINER RINGS

TURN AROUND

e+  INJECTION DESCENT TUNNEL

FRANCE SWITZERLAND

CLIC SCHEMATIC
(not to scale)

e+  SIDEe- SIDE

LHC 

INJECTION TUNNEL 

Sands and gravelsMolasseMoraines

Limestones

≈ 1km

≈
1
0
0
m
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with emphasis on proton-proton and electron-positron high-energy frontier

machines. These design studies should be coupled to a vigorous accelerator R&D

programme, including high-field magnets and high-gradient

accelerating structures, in collaboration with national institutes,

laboratories and universities worldwide.

HFM
HGA

And also R&D on Proton-Driven Plasma 

Wakefield Acceleration (AWAKE Expt at CERN)

“to propose an ambitious post-LHC accelerator project at 

CERN by the time of the next Strategy update”

d) CERN should undertake design studies for accelerator projects in a global context,d) CERN should undertake design studies for accelerator projects in a global context,
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105 km tunnel near FNAL

H. Piekarz, “… and … path to the future of high energy particle physics,” 

JINST 4, P08007 (2009)

43

220 km

105 km
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KEK

12.7 km

80 km ring in KEK area

44
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Introduction — What is a (CEPC + SppC) ?

Chinese project

• Circular Electron Positron Collider (phase I) + 

Super pp Collider (phase II) in the same tunnel

ee+ Higgs Factory

pp collider 

A Higgs factory + 

A machine of discovery
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CEPC+SppC Where(if in China):

For example, Qin-Huang-Dao
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CEPC+SppC
When(dream):

• CPEC
• Pre-study, R&D and preparation work

• Pre-study: 2013-15

• R&D: 2015-2020 

• Engineering Design: 2015-2020

• Construction: 2021-2027

• Data taking: 2028-2035

• SppC
• Pre-study, R&D and preparation work

• Pre-study: 2013-2020

• R&D: 2020-2030 

• Engineering Design: 2030-2035

• Construction: 2035-2042

• Data taking: 2042 -

International Workshop on Future High Energy 

Circular Colliders (December 2013)

(IHEP, Beijing) 

Courtesy of Prof. Yifang Wang (IHEP)
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LHC FCC SppC

Circumference (km) 26.7 97.5 100

Dipole field (T) 8.33 16 12…24

C.o.M. energy (TeV) 14 100 70…125

Courtesy of Q. Xu, IHEP

Super proton-proton Collider (SppC)
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Malta Workshop: HE-LHC @ 33 TeV c.o.m.
14-16 October 2010
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Material N. turns  Coil fraction Peak field Joverall (A/mm2) 

Nb-Ti 41 27% 8 380 

Nb3Sn (high Jc) 55 37% 13 380 

Nb3Sn (Low Jc) 30 20% 15 190 

HTS 24 16% 20.5 380 

 

Magnet design (20 T):

very challenging but not

impossible.
300 mm inter-beam

Multiple powering in the same 

magnet (and more sectioning 

for energy)

Work  for 4 years to assess 

HTS for 2X20T  to open the 

way to 16.5 T/beam .

Otherwise limit field to 15.5 

T for 2x13 TeV

Higher INJ energy is 

desirable (2xSPS)

The synchrotron light is not a stopper by operating the beam screen at 60 K. 

The beam stability  looks « easier » than LHC thanks to dumping time.

Collimation is possibly not more difficult than HL-LHC. Reaching 2x1034 appears reasonable.

The big challenge, after main magnet technology, is beam handling for  INJ & beam dump: 

new kicker technology is needed since we cannot make twice more room for LHC kickers.
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parameter LHC HL-LHC HE-LHC

c.m. energy [TeV] 14 33

circumference C [km] 26.7 26.7

dipole field [T] 8.33 20

dipole coil aperture [mm] 56 40

beam half aperture [cm] ~2 1.3

injection energy [TeV] 0.45 >1.0

no. of bunches 2808 2808

bunch population Nb [1011] 1.15 2.2 0.94

init. tr. norm. emittance [mm] 3.75 2.5 1.38

init. longit. emittance [eVs] 2.5 3.8

no. IPs contributing to Q 3 2 2

max. total b-b tune shift Q 0.01 0.015 0.01

beam current [A] 0.584 1.12 0.478

rms bunch length [cm] 7.55 7.55

IP beta function [m] 0.55 0.15 0.35

rms IP spot size [mm] 16.7 7.1 (min.) 5.2

O. Dominguez, L. Rossi, F. Zimmermann

HE-LHC main parameters
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NbTi mature but limited to 9T

Is Nb3Sn mature ? Yes, and no
Performance of Nb3Sn wires has seen a great boost in the past decade 

(factor 3 in JC w/r to ITER)

However, Nb3Sn accelerator magnets were never built

nor operated in accelerators.

Manufacturing, strain tolerance, protection, quench, training, field

quality are the focus today to make this new technology a reality

LTS (NbTi ; Nb3Sn)

Solid and aggressive R&D in Nb3Sn High Field 

Magnet for accelerators must be intensified to 

increase further critical current Jc (up to 16 T) 



53

LHC & Future High-Energy Circular Colliders 

Frédérick Bordry 

JUAS 2018– European Scientific Institute - Archamps – 17th January 2018

Can HTS displace LTS (NbTi, Nb3Sn) ? 

Not today (performance and cost)

Much needs to be done to bring this technology to a point 

where it can be sold as “mature”

Materials have potential that can be exploited

OPHT for BSCCO-2212

Thicker layer for YBCO tapes

The Holy Grail of a round YBCO wire

….

Production quantities, homogeneity and cost need to evolve

Step-up application demands, from self-field (SC-link is an 

ideal test-bed) to high-field accelerator magnets (feasibility)

HTS



Future Circular Collider

First studies on a new 80 km 

tunnel in the Geneva  area

 42 TeV with  8.3 T using 

present LHC dipoles

 80 TeV with 16 T based

on Nb3Sn dipoles

100 TeV with 20 T based

on HTS dipoles

High Energy-LHC :33 TeV

with 20T magnets
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International FCC collaboration 

(CERN as host lab) to study: 

• pp-collider (FCC-hh)       

 main emphasis, defining 

infrastructure requirements 

• 80-100 km tunnel infrastructure 

in Geneva area, site specific

• e+e- collider (FCC-ee),                

as potential first step

• p-e (FCC-he) option,    

integration one IP, FCC-hh & ERL

• HE-LHC with FCC-hh technology

~16 T  100 TeV pp in 100 km

Future Circular Collider Study            
Goal: CDR for European Strategy Update 2018



FCC-hh Key Parameters

CERN, 11th March 2015 F. Bordry 56

Parameter FCC-hh LHC

Energy [TeV] 100 c.m. 14 c.m.

Dipole field [T] 16 8.33

# IP 2 main, +2 4

Luminosity/IPmain [cm-2s-1] 5-10 x 1034 1 x 1034

Energy/beam [GJ] 8.4 0.39

Synchr. rad. [W/m/apert.] 28.4 0.17

Bunch spacing [ns] 25 (5) 25

Preliminary, subject to evolution

discharge 330 ms  24 TW 



FCC-ee Key Parameters

CERN, 11th March 2015 F. Bordry 57

Parameter FCC-ee LEP2

Energy/beam [GeV] 45 120 175 105

Bunches/beam 16700 1360 98 4

Beam current [mA] 1450 30 6.6 3

Luminosity/IP x 1034 cm-2s-1 28 6 1.8 0.0012

Energy loss/turn [GeV] 0.03 1.67 7.55 3.34

Synchr. Power [MW] 100 22

RF Voltage [GV] 2.5 5.5 11 3.5

Preliminary, subject to evolution

22 MW at LEP2
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Key Technologies and Challenges

• 16T superconducting magnets

• Superconducting RF cavities

• RF power sources

• Affordable & reliable cryogenics

• Reliability & availability concepts

• Stored Energy in the beams

8.4 GJ / beam

• Tunnel Geology

; discharge 330 ms  24 TW 
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- To increase the critical current Jc

- To sustain larger forces 

- To protect those magnets (large numbers in series)

- To train those magnets faster 

- To keep the memory after installation and 

thermal cycles

- Global optimization: magnet and powering
current leads, superconducting links, energy 

extraction, power converters

High Field Magnet challenges
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16 T dipole design activities and options

Cos-theta

Blocks 

Common coils

Short model magnets (1.5 m lengths) will be built from 2017 - 2021

Swiss 
contribution 

Canted

Cos-theta

H2020 

INFN 

CEA 

CIEMAT 

PSI 

LBNL 

FNAL 
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Superconducting magnet market

Sources: [1] from market report at Conectus.org, converted from repored 5.3 BEUR in 2013

[2] Report to the CERN Finance Committee, 2008, reported 1.7 BCHF(2008) escalated to 2013

[3] DOE Assessment of the ITER Project Cost Estimate, reported 1.09 BUSD(2002) escalated to 2013

JT60SA

ITER

LHC

NMR

MRIAt present, the vast majority of the

use of superconductors is for magnet

applications:

- MRI (NbTi): 5.5 BUSD/year[1];

7.0 BUSD/year in 2017
- NMR, science and research: (Nb3Sn)

 1 BUSD/year[1]

Large scale projects (HEP, Fusion)

represent only a fraction of the total

market and discontinuities:

Evaluated cost of LHC magnet

system (material): 2 BUSD[2]

Quoted cost of ITER magnet

system (material): 1.4 BUSD[3]
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Superconducting conductor production

NbTi in the world :  600 tons/year, driven by MRI production

Nb3Sn :  10 tons/year, driven by NMR magnets and laboratory solenoids

All of HTS (BSCCO, YBCO,…) and MgB2: around 100...200 km of 4-10 mm wide 

tape per year, presently driven by R&D applications and delivered by around 10 

worldwide producers,

In total below 1 ton/year

LHC required 1300 tons of Nb-Ti (300 t/year peak production) (30% cost of the magnet)

ITER required 300 tons of Nb-Ti and 600 tons of Nb3Sn (250 t/year peak production)

HL-LHC requires: 30 tons Nb3Sn and about the same for NbTi

HE-LHC will require :  3’000 tons Nb3Sn 

FCC-hh will require :  9’000 tons Nb3Sn  (between 50% to 60% cost of the magnet)



Layout Studies

CERN, 11th March 2015 F. Bordry 63
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Civil Engineering schedule studies

• CE & schedule studies with 

consultants

• first sectors available after 

4.5 to 5 years for Technical 

Infrastructure installation

• total CE duration ~7 years

5 

y

e

a

r

s

7 

y

e

a

r

s
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Technical Schedule for the 3 Options

schedule constrained by 16 T magnets & Civil Engineering

→ earliest possible physics starting dates

• FCC-hh: 2043

• FCC-ee: 2039

• HE-LHC: 2040 (with HL-LHC stop LS5 / 2034)

20 22 24 26 28 30 32 34 38 40

Civil Engineering FCC-hh ring

Dipole short models

16 T dipole indust. prototypes

16 T dipoles preseries

16 T series productionS
C

 M
ag

n
et

s

CE FCC-ee ring + injector

F
C

C
-h

h
F

C
C

-e
e

H
E

-L
H

C

Strategy Update 2026 – assumed project decision

Installation HE-LHC

LHC Modification

42

Technical Design Phase

3

6

Installation + test FCC-ee

Installation + test FCC-hh

CE TL to LHC        

LHC Removal

Dipole long models

Injector

16 T magnets

FCC-hh

FCC-ee

HE-LHC
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25
Companies

31
Countries

120
Institutes

collaboration & industry relations
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Full exploitation of the LHC: 
- successful operation of the nominal LHC until end 2023: Run3 at 14 TeV => Goal ∑300 fb-1

- construction & installation of LHC upgrades: LIU (LHC Injectors Upgrade) and HL-LHC

Scientific diversity programme serving a broad community:
- ongoing experiments and facilities at Booster, PS, SPS and their upgrades (HIE-ISOLDE, ELENA)

- participation in accelerator-based neutrino projects outside Europe (presently 

mainly LBNF in the US) through CERN Neutrino Platform

Preparation of CERN’s future:
- vibrant accelerator R&D programme exploiting CERN’s strengths and uniqueness 

(including superconducting high-field magnets, plasma wakefield acceleration, etc.) 

- design studies for future high-energy accelerators: CLIC, FCC (includes HE-LHC)
- future opportunities of diversity programme: Physics Beyond Colliders Study Group

High Energy Physics Roadmap:

3 pillars: based on the 2013 European Strategy for Particle Physics 

Important milestone: 

next update of the European Strategy for Particle Physics (ESPP) 

to be completed in May 2020



68

LHC & Future High-Energy Circular Colliders 

Frédérick Bordry 

JUAS 2018– European Scientific Institute - Archamps – 17th January 2018

O

P

E

R

A

T

I

O

N

P

R

O

J

E

C

T

S

S

T

U

D

I

E

S

Accelerator
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FCC-eh

Conclusion: HEP Roadmap
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Electrical engineering

Electronics

Mechanical engineering

Beam-materials science

Computer engineering

Civil Engineering

Large scale simulations

……

List of Technologies needed for building and exploiting Accelerators

A multidisciplinary domain !                 

High Energy Physics 

can offer interesting and 

challenging careers 

for skilled engineers 

and physicists 



Thanks for your attention

"The task of the mind is to produce future"
Paul Valéry


