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genesis of accelerators  
early experiments to probe matter 
used naturally occurring radioactive 
isotopes (a and b particles); 
upper energy limit ~10 MeV for a 
particles is insufficient to penetrate 
repulsive electrostatic energy 
barrier of most nuclei 
  

Lord Rutherford (1927): 

  

T. Koeth, Rutgers; S. Feher, U Melbourne 

“What we require is an apparatus to give us 
a potential of the order of 10 million volts 
which can be safely accommodated in a 
reasonably sized room and operated by a 
few kilowatts of power.  
… I see no reason why such a 
requirement cannot be made practical.” 

msn encarta 



early accelerators – high voltage 
simplest way to accelerate a particle is by using a battery 

 

V 

E 

+ - requires: 
- source of high voltage 
- accelerating tube 

1927/28: Kurt Urban, 
Arno Brasch, and Fritz 
Lange (TH Charlottenburg) 
tried to harness lightning 
in the Swiss Alps; they 
achieved 15 MV, but one of 
the three experimenters 
was fatally electrocuted 



• linear accelerator - LINAC 
 
 

• circular accelerators: synchrotrons, 
storage rings 
 
 
 
 

• hybrid: recirculating linacs 

rf cavities 

rf cavity 

particles are 
accelerated 
many times by  
same rf cavity 

basic types of modern accelerators 



S. Feher, U Melbourne 

1924 Ising, 1928 Wideroe, 50 keV Na & K ions (1 drift tube) 

1931 Sloan and Lawrence, 2.8 MeV Hg ions (2 m, 36 drift tubes) 

 

 

 

 

 acceleration occurs only in gap between electrodes 

 

1946 Alvarez 

 

 

 

used for protons and ions, for p energies 50-200 MeV 

resonant behavior of cavity provides longitudinal electric field ;  

became possible due to the development of ultrahigh frequency  

technology (e.g. klystron) before and during World War II 

  

linear accelerators 



CERN Alvarez linac (50-MeV protons) 



• cyclotron 

• synchrotron 

• strong focusing  

• colliding beams  

acc. el. field 

reverses each  

half circle 

rf frequency 

changes with 

magnetic field 

so as to keep 

particles on a 

constant circle 

“phase stability” 

novel idea: 

combination of two 

lenses focuses in 

both planes  

simultaneously  

(1929, 1930) 

(1934, 1943, 1944, 1945) 

(1950, 1952, 1959: PS) 

(1943,  1956, 1961, 1971: ISR) 

much 

higher c.m. 

energies 

than for 

fixed target 

circular accelerators 



CERN accelerators 

• PS – Proton Synchrotron (1959-) 

• ISR - Intersecting Storage Rings (1971-
1985) 

• SPS – Super Proton Synchrotron (1976-) 

• LEP – Large Electron-Positron storage ring 
(1989-2001) 

• LHC – Large Hadron Collider (2008-) 

• CLIC – Compact Linear Collider (?-) 

• FCC – Future Circular Collider (?-) 

 



K. Hubner 

“first strong-focusing proton ring” 

“first hadron collider” 

“first proton-antiproton collider” 

“highest energy e+e- & pp colllisions” 



aerial view 

of the  

CERN ISR 

around  

1971 



CERN ISR ~1971 

the first hadron collider 



CTF-3 



LHC and its injector chain 

Linear accelerator 

Circular accelerator 

(Synchrotron) 

Transfer line 

Injection Ejection 

Duoplasmatron = Source  90 keV (kinetic energy) 

LINAC2 = Linear accelerator  50 MeV 

PSBooster = Proton Synchrotron Booster  1.4 GeV 

PS = Proton Synchrotron  25 GeV 

SPS = Super Proton Synchrotron  450 GeV 

LHC = Large Hadron Collider  7 TeV 



which particles? 
• e+,e- (former LEP, future CLIC) 
• p (PS, SPS, LHC,…),    (former SPS 

collider) 
• heavy ions - lead etc. (PS, SPS, LHC)  
• negative ions, H- (future CERN Linac4) 
• unstable particles (m, p, K, unstable 
isotopes,…) – requiring rapid acceleration 

• even neutral beams (e.g. n, using the  
neutron’s magnetic dipole moment for 
steering… at BNL);  

•  n beams (CERN to Gran Sasso) 
 

p



particle sources - examples 

laser rf  

e- gun at  

KEK ATF 
(N. Terunuma) 

LHC 

proton  

source (R. Scrivens, M. Benedikt) 

e-: thermionic cathode or laser photocathode 

 

 

 

 

 

 

 

e+: GeV e- beam on target, laser  

 Compton source (proposed),  

 sources based on synchroton 

 radiation 

p and ions: plasma sources –  

 static electric+magnetic  

 fields + rf  



devices in accelerators 

• dipole magnets → bending 

• quadrupole magnets → focusing 

• sextupole magnets → chromatic correction 

• rf cavity → acceleration 

• pulsed magnets for injection & extraction 

• collimators & masks 

magnets: normal-conducting coils + iron yokes, 
or materials with permanent magnetization, or 
superconducting (higher field) 

cavities: normal or superconducting 



G. Hoffstaetter, USPAS2006 

dipole magnets with coils and Fe yokes 



SPS dipole magnet – 2 T 

1973 1974 



LHC s.c. dipole magnet – 8.33 T 

2006 

2007 model 



quadrupole magnets with coils & Fe yokes 

G. Hoffstaetter, USPAS2006 



 

 

quadrupole magnet in KEK-ATF2 



LEP sextupole magnet 

1985 

1997 



“pillbox” model of rf cavity 

W. Barletta, USPAS2007 



 

 

LEP accelerating cavity 



… and there are also some  

German physicists at CERN 

29. April 2008 



… and sometimes German presidents 

2. April 2014 



Lorentz force 
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accelerator: charged particles – beam- 
moving in electromagnetic field 



beam optics in circular machines 

• linear optics described by periodic Hill’s 
equation 

 

 where                and 

 

• solutions of Hill’s equations very similar to 
Bloch waves (“periodic function” x “plane 
wave”) in solid-state crystals; accelerator 
representation as “beta function” 
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schematic of betatron oscillation around storage ring 

tune Qx,y= number of (x,y) oscillations per turn 
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• they have good memory 

• they won’t forgive you 

• they are easily perturbed and mistakes add up 

beam particles are like elephants… 



… and they are not alone! 

particles do not move independently;  

many of the limits of accelerator performance arise from  

interactions between beam particles = collective effects 



D. Trines, Bodrum 2007 

example - “wake fields” 

electromagnetic field induced by the beam  
can act back on later particles or on later turns 
→ instability (similar wakes driven by ions & e-) 



electron cloud in the LHC 

schematic of e- cloud build up in the arc beam pipe, 

due to photoemission and secondary emission 

[F. Ruggiero] 
→ beam instabilities 



(nonlinear) beam-beam force  
W. Herr 

center of 

opposing  

beam 

at small amplitude similar to effect of defocusing quadrupole  
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for single  
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LHC ~0.0033) 

for pure head-on collision  



horizontal tune Qx 

 

vertical tune Qy 

particles at the center of the bunch 

particles in the  

transverse tail 
tune spread 

Qy 

tune 

spread 

Qx 

beam-beam tune spread from head-on collision 

maximum 

acceptable 

tune 

spread 

is limited 

by resonances 

 

nQx+mQy=p 

 

up to resonance 

order |n|+|m|~13 

tune footprint 



Simulations 
 

Beam Experiments 

Engineering 

Theory 

Applications 
 

accelerator physics 



the LHC 



 short LHC history 
1983 LEP Note 440 - S. Myers and W. Schnell propose 
 twin-ring pp collider in LEP tunnel with 9-T dipoles 
1991 CERN Council: LHC approval in principle 
1992 EoI, LoI of experiments 
   1993 SSC termination   
1994 CERN Council: LHC approval 
1995-98 cooperation w.Japan,India,Russia,Canada,&US  
   2000 LEP completion 
2006 last s.c. dipole delivered 
2008 first beam 
2010 first collisions at 3.5 TeV beam energy  
2015 collisions at ~design energy (plan) 
 
 
 

>30 years! 
now is the time to plan for ~2040 



design parameters 

 

c.m. energy = 14 TeV (p) 

luminosity =1034 cm-2s-1 

 

1.15x1011 p/bunch 

2808 bunches/beam 

 

360 MJ/beam 

 

=3.75 mm 

b*=0.55 m 

qc=285 mrad 

z=7.55 cm 

*=16.6mm 

 

 

LHC: highest energy  pp, AA, and pA collider 



all s.c. magnets were tested in “SM18” 



LHC magnets stored on parking lots 

before installation 



LHC tunnel 2002 

L. Rossi 



LHC tunnel 2006 

L. Rossi 



luminosity  

reaction rate luminosity 
R=  L  

C. Amsler et al., Physics Letters B667, 1 (2008) 

from  

cosmic rays 

LHC 

cross section 

tot~ 

100 mbarn 

~ 10-25 cm2 

inelastic~ 

60 mbarn~ 

6x10-26 cm2 



Instantaneous  

luminosity 

B1/B2 intensities 

Beam energy 

intensity and luminosity: good LHC fill... 

R. Assmann, 19.09.2011 
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Without beam cleaning (collimators): 

Quasi immediate quench of super-

conducting magnets (for higher 

intensities) and stop of physics. 

Required very good cleaning efficiency 

A
b

s
o
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e
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CFC CFC W/Cu W/Cu 

A
b

s
o

rb
e
r 

Super-

conducting 

magnets 

SC magnets 

and particle 

physics exp. 

LHC – multistage cleaning 

R. Assmann 



19-09-2011, RA LHC morning report 

Losses & Lifetime at Start of Physics 

R. Assmann, 19.09.2011 

note excellent beam lifetime at start of physics! 



Week 37 (2011) seen from CMS... 

3.3 × 1033 cm-2 s-1 

Tevatron 

LHC 2010 

CMS missed initial 

lumi... 

R. Assmann, 19.09.2011 



 2010: 0.04 fb-1 

 7 TeV CoM 

 Commissioning 

 2011:  6.1  fb-1 

 7 TeV CoM 

 Exploring the 

limits 

 2012:  23.3  fb-1 

 8 TeV CoM 

 Production 

 

integrated pp luminosity 2010-12 

M. Lamont, IPAC’13 



peak performance through the years 

2010 2011 2012 Nominal 

bunch spacing [ns] 150 50 50 25 

no. of bunches 368 1380 1380 2808 

beta* [m]  
ATLAS and CMS 

3.5 1.0 0.6 0.55 

max. bunch 
intensity 
[protons/bunch] 

1.2 x 1011 1.45 x 1011 1.7 x 1011 1.15 x 1011  

normalized 
emittance [mm-
mrad] 

~2.0 ~2.4 ~2.5 3.75 

peak luminosity 
[cm-2s-1] 

2.1 x 1032 3.7 x 1033 7.7 x 1033 1.0 x 1034 

M. Lamont, IPAC’13 
>2x design when scaled to 7 TeV  



LHCb luminosity levelling at 
around 4e32 cm-2s-1 
via transverse 
separation  

(with tilted crossing angle) 

52 

ATLAS/CMS 

LHCb 

first evidence for the 
decay Bs -> m+ m- 

 

M. Lamont, IPAC’13 



operational cycle 

Beam dump 

Ramp down/precycle 

Injection 

Ramp 

Squeeze 

Collide 

Stable beams 

Ramp down 35 mins 

Injection ~30 mins 

Ramp 12 mins 

Squeeze 15 mins 

Collide 5 mins 

Stable beams 0 – 30 hours 

turn around 2 to 3 hours on a good day 
53 M. Lamont, IPAC’13 



54 

availability 
• “There are a lot of things that can go wrong – it’s always a battle” 
• Pretty good availability considering the complexity and principles of operation 

Cryogenics availability in 2012: 93.7% 
M. Lamont, IPAC’13 



T. Baer 
“UFOs” in the LHC 
• 20 dumps in 2012 

• time scale 50-200 µs 

• conditioning observed 

• worry about 6.5 TeV                              

and 25 ns spacing 



100 events/crossing, 12.5 ns spacing 19 events/crossing, 25 ns spacing 

0.2 events/crossing, 25 ns spacing 2 events/crossing, 25 ns spacing 

event pile up in detector 

I. Osborne pt > 1 GeV/c cut, i.e. all soft tracks removed 



57 

57 

Huge efforts over last months to prepare for high lumi and pile-up expected in 2012: 
 optimized trigger and offline algorithms (tracking, calo noise treatment, physics objects)  
     mitigate impact of pile-up on CPU, rates, efficiency, identification, resolution  
 in spite of x2 larger CPU/event and event size  we do not request additional computing  
     resources (optimized computing model, increased fraction of fast simulation, etc.) 

Z μμ 

Z μμ event from 2012 data with 25 reconstructed vertices 

pile up 
will increase 
at higher energy 
→ 
experiments 
request  
25 ns 
operation 
in 2015 
 
 M. Lamont, IPAC’13 



Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

LS2  starting in 2018 (July) =>  18 months + 3 months BC  
LS3 LHC: starting in 2023  => 30 months + 3 months BC 
 Injectors: in 2024 => 13 months + 3 months BC 

LHC roadmap: schedule until 2035 

Beam commissioning 

Technical stop 

Shutdown 

Physics 
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2015 2016 2017 2018 2019
Q4 Q1 Q2

2020 2021
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q3 Q4

2022 2023 2024 2025 2026 2027 2028

Q1 Q2 Q3 Q4 Q1 Q2Q3 Q4 Q1 Q2 Q3 Q4Q1 Q2 Q3
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2029 2030 2031 2032 2033 2034
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2035
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Run 2 Run 3 

Run 4 

LS 2 

LS 3 

LS 4 LS 5 Run 5 

(Extended) Year End Technical Stop: (E)YETS 

EYETS YETS YETS YETS 

YETS 

YETS 

300 fb-1 

3’000 fb-1 

30 fb-1 PHASE 1 

PHASE 2 

F. Bordry Phase 2: HL-LHC 



  

• 3000 fb-1 (10x design) delivered ~10 years 

• high “virtual” luminosity with levelling   

 

5 x 1034 cm-2s-1  
levelled luminosity 
  

pile-up ~140 events per 
 bunch crossing 
    

3 fb-1 per day 
  

~250 fb-1 /year 

M. Lamont 

HL-LHC 



technology transition: Nb-Ti →Nb3Sn 

O. Bruning 



more than 1.2 km of LHC plus 
technical infrastructure  

      (e.g. Cryo and Powering) 
  Nb3Sn dipoles  & quadrupoles 

ATLAS 

1. New quadrupole 
triplet based on 
Nb3Sn (12 T at coil) 

       required due to: 
-Radiation damage 
-Need for more aperture 
 
Changing the triplet 
region is not enough for 
reaching the HL-LHC goal! 

2. We also need to 
modify a large part of 
the  matching section 
e.g. Crab Cavities &  
D1, D2, Q4 & corrector 

3. For collimation we also 
need to change the DS in 
the continuous cryostat: 
11-T Nb3Sn dipole 

CMS 

O. Brüning, 
L. Rossi 

HL-LHC - critical zones around IP1 & IP5 



MBHSP02 (1 m) passed 11 T field during training 
at 1.9 K with I = 12080 A on 5 March 2013  

FNAL: Nb3Sn dipole demonstrators 
US-LARP 



International Linear Collider (ILC) 
total length ~30 (500 GeV) - 50 km (1 TeV) 

SC acceleration structures ~ 30 MV/m; TDR completed in 2012, 

ILC technology used for XFEL at DESY; present optimistic time 

line:  construction start in 2018 & 1st physics in 2027?  



International Linear Collider (ILC) - 2 
 

 
Japanese HEP community expressed interest in hosting 

the ILC. Site chosen: 北上市 (Kitakami) in Northern 

Japan. Under review by Japanese ministry MEXT. 

 

Courtesy F. Simon 



accelerator  
applications 



Source: Accelerators and Beams (APS-DPP), ORNL 



Accelerator Applications 

 >30000 accelerators already in use around the World 

 Annual sales: >$3.5B 

 Annual product, etc, sales: >$0.5T 

 Fit into a few broad categories: 

• Energy 

• Environment 

• Healthcare 

• Industry 

• Security and defence 

• Research 

Most of the World’s accelerators 

Rob Edgecock,  

RAL & U. Huddersfield 



>30000 accelerators in use world-wide: 

44% for radiotherapy 

41% for ion implantation 

9% for industrial applications 

4% low energy research 

1% medical isotope production 

<1% research 

Treating cancer 
Making better 

semi-conductors 

Accelerator Applications 

Rob Edgecock,  

RAL & U. Huddersfield 



>30000 accelerators in use world-wide: 

44% for radiotherapy 

41% for ion implantation 

9% for industrial applications 

4% low energy research 

1% medical isotope production 

<1% research 

“Curing” materials; 
sterilisation;  carbon 
dating; treating flue 

gases; 
treating water;   etc  

Accelerator Applications 

Rob Edgecock,  

RAL & U. Huddersfield 



>30000 accelerators in use world-wide: 

44% for radiotherapy 

41% for ion implantation 

9% for industrial applications 

4% low energy research 

1% medical isotope production 

<1% research 

Microanalysis of 
materials, mass 

spectroscopy, PIXE, 
etc 

Accelerator Applications 

Rob Edgecock,  

RAL & U. Huddersfield 



>30000 accelerators in use world-wide: 

44% for radiotherapy 

41% for ion implantation 

9% for industrial applications 

4% low energy research 

1% medical isotope production 

<1% research 

For PET and 
SPECT medical 

imaging, etc 

Accelerator Applications 

Rob Edgecock,  

RAL & U. Huddersfield 



Synchrotron Light (ESRF)  
5'-exonuclease from bacteriophage T5 

(diffraction pattern →enzyme structure) 

Proton therapy (PSI) 
gantry  

Heavy ion fusion      
shock simulation 

Ion beams (GSI) etched ion tracks in 
polymer foil → membrane production. 

further examples of accelerator applications  

B. Logan, 

K. Kifonidis 

E. Wilson 

R. Schmidt 



E. Wilson 



curved orbit of e- in magnetic field 

L. Rivkin 



L. Rivkin 



synchrotron light sources in the world 

Daresbury laboratory 

→ basic and applied research, including material science,  
archeology , earth science, space science, life science, medicine  



storage ring light source 

R. Hettel, IPAC’14 



Scientific instruments and 

instrumentation 

Undulator systems 

Electron injector 

Superconducting 

electron accelerator 

S.L. Molodtsov, European XFEL 

Status of the European XFEL, TAC ISAC Meeting, Istanbul, 7-8 July, 2014 European XFEL in Hamburg 

3.5 km 



X-rays  vs. Protons 

cancer treatment - X rays vs protons 

M. Schippers, M. Seidel 
IPAC’14 



X-rays (photons) lose energy rapidly by ionization as they travel through the body.  

On the other hand, charged particles such as protons and carbon ions deposit most  

of their energy at a specific depth that depends on their energy (called the Bragg peak).  

This means that they can deliver a high radiation dose at a tumor site, while sparing  

the surrounding healthy tissue. (Physics World, 2003) 

how (accelerated) particles can be therapeutic 



rapid growth in proton cancer-therapy centers 

J. Sisterson, Massachusetts General Hospital 

S. Peggs et al, PAC’07 



HIMAC C-ion therapy facility in Japan  
 
 
 
 
 
 
 
 
 
 
 
in operation with patients since 1994 

NIRS 



MedAustron in Wiener Neustadt 
built in close collaboration with CERN 

first patients in 2015; 
up to 1400 / year 



“A super-powered neutrino generator could in theory be used to 
instantly destroy nuclear weapons anywhere on the planet, according to 
a team of Japanese scientists. 
 
If it was ever built, a state could use the device to obliterate the 
nuclear arsenal of its enemy by firing a beam of neutrinos straight 
through the Earth. But the generator would need to be more than a 
hundred times more powerful than any existing particle accelerator and 
over 1000 kilometres wide.” 
 
New Scientist,  
14 May 2003 

n beam neutralising nuclear bombs? 



the quest  
for higher  

energy 
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“Dr Livingston has asked me to advise you 

that he has obtained 1,100,000 volt protons. 

He also suggested that I add ‘Whoopee’!”  

—Telegram to Lawrence, 3 August 1931 

1st cyclotron by  

Ernest O. Lawrence 

& Stanley Livingston  

~1930 

 

diameter 4.5 inches 

(~11 cm)  

 

final proton energy  

1.1 MeV  

http://www.aip.org/history/lawrence/larger-image-page/first-11.htm
http://www.aip.org/history/lawrence/larger-image-page/first-11.htm


why higher energy? 

• quantum mechanics: de Broglie 
wavelength l=h/p  

 → examining matter at smaller distance 
requires higher momentum particles 

 

• many of the particles of interest to particle 
physics are heavy  

 → high-energy collisions are needed to 
create these particles  



repeated 
jumps from 
saturating to 
emerging 
technologies 

 

storage rings 
have been the 
frontrunner 
technology for 
the last ~50 
years  

P. Lebrun 

colliders 

Nb-Ti SC magnets 

evolution of beam energy over 70 years 
new technologies: 



1st cyclotron, ~1930 

E.O. Lawrence 

11-cm diameter 

1.1 MeV protons  

LHC, 2008 

9-km diameter 

7 TeV protons 

 

after ~80 years 

~107 x more energy 

~105 x larger 



energy limits 

G. Hoffstaetter, USPAS2006 



European Strategy Update 2013 

“CERN should undertake design 
studies for accelerator projects in a 

global context, with emphasis on 

proton-proton and electron-positron 

high-energy frontier machines.” 

 

strategy adopted by CERN Council in 2013 



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

total length (main linac) ~11 (500 GeV) - 48 km (3 TeV) 

Compact Linear Collider (CLIC) 

accelerating gradient  
~100 MV/m 

key technologies: 2-beam accel., drive-beam , X-band RF 



CLIC Conceptual Design Report 2012 

~1400 authors, ~1200 pages 

Vol 1:  The CLIC accelerator and site facilities (H.Schmickler)  

- CLIC concept with exploration over multi-TeV energy range up to 3 TeV 

- Feasibility study of CLIC parameters optimized at 3 TeV (most demanding)  

- Consider also 500 GeV, and intermediate energy range 

- Complete, presented in SPC in March 2011, in print: 
https://edms.cern.ch/document/1234244/ 

Vol 2: Physics and detectors at CLIC (L.Linssen) 

- Physics at a multi-TeV CLIC machine can be measured with high precision,   
despite challenging background conditions   

- External review procedure in October 2011 

- Completed and printed, presented in SPC in December 2011 
http://arxiv.org/pdf/1202.5940v1 

 

  

Vol 3:  “CLIC study summary” (S.Stapnes) 

- Summary and available for the European Strategy process, including possible 
implementation stages for a CLIC machine as well as costing and cost-drives   

- Proposing objectives and work plan of post CDR phase (2012-16) 

- Completed and printed, submitted for the European Strategy Open Meeting     
   in September http://arxiv.org/pdf/1209.2543v1 

 

In addition a shorter 
overview document 
was submitted as 
input to the 
European Strategy 
update, available at: 
http://arxiv.org/pdf
/1208.1402v1 

https://edms.cern.ch/document/1234244/
http://arxiv.org/pdf/1202.5940v1
http://arxiv.org/pdf/1209.2543v1
http://arxiv.org/pdf/1208.1402v1
http://arxiv.org/pdf/1208.1402v1


Future Circular Collider Study - SCOPE  
CDR and cost review for the next ESU (2018) 

Forming an international 

collaboration to study:  

• pp-collider (FCC-hh)       

 defining infrastructure 

requirements  

 
 

• 80-100 km infrastructure 

in Geneva area 

• e+e- collider (FCC-ee) as 

potential intermediate step 

• p-e (FCC-he) option 

~16 T  100 TeV pp in 100 km 

~20 T  100 TeV pp in 80 km 



Qinhuangdao (秦皇岛） 

50 km  

70 km  

easy access 

300 km from Beijing 

3 h by car 

1 h by train  

Yifang Wang 

CepC, SppC 

CepC/SppC study (CAS-IHEP), CepC CDR end 

of 2014, e+e- collisions ~2028; pp collisions ~2042 

“Chinese Toscana” 



CepC/SppC project 

– recent news in 

Nature 
24 J U LY 2014 | VO L 511 | NAT U R E | 3 



previous studies in Italy (ELOISATRON 300 km), 

US (SSC 87 km, VLHC/VLLC 233 km) & Japan (94 km) 

ex. SSC 
Supercolliders 

Superdetectors: 
Proceedings of the 

19th and 25th 
Workshops of the 

INFN Eloisatron 
Project 

ex. ELOISATRON 

SSC CDR 1986 

H. Ulrich Wienands, The 
SSC Low Energy Booster: 

Design and Component 
Prototypes for the First 

Injector Synchrotron,  
IEEE  Press 1997  

VLHC Design Study Group Collaboration June 2001. 271 pp. 
SLAC-R-591, SLAC-R-0591, SLAC-591, SLAC-0591, FERMILAB-
TM-2149  

http://www.vlhc.org/ 

ex. VLHC ex. 
TRISTAN-II 
study 
1983 



Courtesy V. Shiltsev 

pp 

e+e- 

factor 10 every  
20-30 years 

factor 10 every  
10 years 

factor 105-107 in e+e- 

 luminosity 

collider c.m. energy  vs. year 

Ecm=2ec  Br 
hadron-lepton 

FCC-he 
LHeC 

ep 



FCC-hh: 100 TeV pp collider 

LHC 

27 km, 8.33 T 

14 TeV (c.m.) 

FCC-hh (alternative) 

80 km, 20 T 
100 TeV (c.m.) 

FCC-hh (baseline) 

100 km, 16 T 
100 TeV (c.m.) 

“HE-LHC” 

27 km, 20 T 
33 TeV (c.m.) 

Geneva 

PS 

SPS 

LHC 

L. Bottura 
B. Strauss 



≈350 participants  

FCC kick-off meeting U. Geneva, Feb. 2014 





only a quarter is shown 

15-16 T: Nb-Ti & Nb3Sn  20 T: Nb-Ti & Nb3Sn & HTS 

L. Rossi, E. Todesco, P. McIntyre 

“hybrid magnets” 
example block-coil layout 

cost-optimized high-field dipole magnets 



B. Strauss, data by courtesy of J. Parrell (US DOE OST) 

US-CDP 

ITER 

wires HL-LHC 

wires 

Nb3Sn vs Nb-Ti SC wire production 



0T

5T

10T

15T

20T

25T

30T

35T

40T

1950 1960 1970 1980 1990 2000 2010

  SUPERCONDUCTING MAGNETS 
 g Demonstration Test Coils 
 g Commercial Magnet Systems 
 

Nb-Ti 

SC solenoid magnets (dipoles to follow) 

Nb3-Sn 
23.5 T  (1GHz NMR)  Nb3-Sn 

Superconducting Magnets 
(Manufactured Commercially) 

High 
Tc 

35 T Proof-of-Principle Demo 
(4T HTS Test Coil in a  

31T Background Magnetic Field) 

 39 mm 

G. Boebinger, 
NHMFL 

superconducting magnet technology 



magnet R&D - possible spin offs & synergies 

„Pilotstrecke AmpaCity: 
zum ersten Mal wird mitten 
in einer Großstadt (Essen) 
ein Supraleiter  (HTS: 
BSSCO) für den 
Stromtransport in ein 
existierendes Stromnetz 
eingebunden.“ 

example : 

electric 

power 

transmission 

using HTS 

cables 
  



Courtesy W. Fischer 

hadron-collider peak luminosity vs. year  

LHC run 1 (2012-13) accumulated more integrated 
luminosity than all previous hadron colliders together! 



machine protection 

energy per proton beam 

LHC: 0.4 GJ → FCC-hh: 8 GJ (20x more !) 
– kinetic energy of Airbus A380 at 720 km/h 

– can melt 12 tons of copper, or drill a 300-m long hole 



circumference ≈100 km   
  
 
 

FCC-ee: e+e- collider up to 350 (500) GeV 

for top up injection 

short beam lifetime  (~tLEP2/40) due to high luminosity 
supported by top-up injection (used at KEKB, PEP-II, SLS,…);  
top-up also avoids ramping & thermal transients, + eases 
tuning 

A. Blondel 

top-up injection is the key to 
extremely high luminosity;  

requires full-energy injector 



ultimate precision 
at Z, WW, ZH ; 
sensitive to New  
Physics in multi-TeV  
range & to SM closure 
→ case for FCC-pp 

CLIC  
ultimate energy reach  
up to 1 or 3 TeV ; 
direct searches 
for New Physics 

FCC-ee (4 IPs) 

e+e- luminosity vs energy 



beam 

commissioning will 

start in 2015 

top up injection at high current 

by* =300 mm (FCC-ee:  1 mm) 

lifetime 5 min (FCC-ee: ≥20 min) 

y/x =0.25% (similar to FCC-ee) 

off momentum acceptance 

 (±1.5%, similar to FCC-ee) 

e+ production rate (2.5x1012/s, 

 FCC-ee: <1.5x1012/s (Z 

cr.waist) 

SuperKEKB goes 

beyond FCC-ee, testing 

all concepts 

SuperKEKB = FCC-ee demonstrator 

K. Oide et al. 



collider / test facility 

LEP2 3500 

KEKB 940 

SLC 700  

ATF2, FFTB 45 (37), 77 

SuperKEKB 50 

FCC-ee-H 44 

ILC 5 – 8 

CLIC 1 – 2  

in regular 
font: 
achieved 
 
in italics: 
design 
values 

by
*: 

5 cm→ 
1 mm 
y: 
250 pm→ 
2 pm 
 

vertical rms IP spot size 



neutrinos have mass...  
               and this very probably implies new degrees of freedom 
 Right-Handed, Almost «Sterile» (very small couplings) Neutrinos 
completely unknown masses (meV to ZeV), nearly impossible to find.  
               .... but could perhaps explain all: DM, BAU,n-masses  

“at least 3 pieces are still missing” 
A. Blondel, The Hunt for Heavy Neutrinos at the Z & H factory, ICHEP’14  

These would lead to spectacular ‘detached vertex’ signatures in Z-> 
neutrino decays  at a Tera-Z factory  like FCC-ee 



FCC-he: high-energy lepton-hadron collider 

RR LHeC: 
new ring  
in LHC tunnel, 
with bypasses 
around  
experiments 

 

LR LHeC: 
recirculating 
linac with 
energy  
recovery 

 
 similar two options for FCC:  
(1) FCC-ee ring, (2) ERL – from LHeC or new 

LHeC CDR , published in  2012  



PSB PS (0.6 km) 

SPS (6.9 km) 

HL-LHC 

FCC-ee (80-100 km, 
        e+e-, up to 350  
       or 500 GeV c.m.) 
        FCC-hh 

(pp up to  
100 TeV c.m.  
& AA) 

FCC-he: e± (60-250 GeV) – p(50 TeV)/A collisions  

≥50 years e+e-, pp, e±p/A physics at highest energies 

LHeC & SAPPHiRE () 

LHC (26.7 km) 

LHeC as FCC-ee injector? 

LHeC-based FCC-he collider?! 

FCC-he as ring-ring 
collider ?! 

possible evolution of FCC complex 



HEP Timescale 
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 

Physics 

25 years 

Today CDR & Cost 

Construc-

tion 
Physics Upgr LEP 

Construction Physics Proto Design LHC 

Construct Physics Design HL-LHC 

Construction Proto Design Future Collider 



is history repeating itself…? 

When Lady Margaret Thatcher 
visited CERN in 1982, she also 
asked the then CERN Director-
General Herwig Schopper how big 
the next tunnel after LEP would be. 
 
 
 

Herwig Schopper, private communication, 2013 

Margaret Thatcher, 
British PM 1979-90 

Herwig Schopper 
CERN DG 1981-88 
built LEP 

John Adams 
CERN DG 1960-61  & 1971-75 
built PS & SPS  

maybe  the Prime Minister was right!? 

Dr. Schopper‘s answer was there 
would be no bigger tunnel at CERN. 

Lady Thatcher replied that she had 
„obtained exactly the same answer 
from Sir John Adams when the SPS 

was built“ 10 years earlier, and 
therefore she didn‘t believe him. 



how to go beyond 100 TeV? 

the definition 

of the fine-structure 

constant is 

wrong 



V. Shiltsev 

October 2013 

laser-driven dielectric microstructure? 



SiO2 wafer 

Z 

X 

y 

Etched 
Channel 

Electron 
Source 

e- 

e- 

multi-MeV (XFEL) device on wafer in 5-10 years 



another possibility –  
crystals: world’s strongest magnets 

W. Scandale, MPL A (2012) 

l=2pb=2p (E/)1/2 

~20-60 eV/Å2 

crystal focusing strength straight crystal 

bent crystal 

Bmax≈2000 T ! 

S.A. Bogacz, D. Cline, 1997 



crystal extraction from stored proton/ion beam 

Dubna, Protvino, 

CERN SPS, 

Tevatron 

since 1978 crystals are used for extracting high-energy 
protons or ions from storage rings;  
can they also be used for a circular collider?!   



Yuri M.Ivanov, Petersburg Nuclear Physics Institute, 2005 

samples of focusing crystals  



staging of crystal deflectors 

W. Scandale et al, Observation of Multiple Volume Reflection of Ultrarelativistic Protons 
by a Sequence of Several Bent Silicon Crystals, Phys.Rev.Lett. 102 (2009) 084801 

6 strip crystals in series 
(each 2 mm long): 
400 GeV/c protons 
reflected by 40±2 mrad  
[effective field 16 T] 
with efficiency 0.93±0.04 

schematic layout 
of the experimental 
setup used to 
study multiple 
volume reflection at 
the H8 beam line of 
the CERN SPS 

quasimosaic 

strip 
crystals 



circular crystal collider? 

cryogenic? 
crystal 
bending 
stage 

cryogenic? 
crystal 
bending 
stage 

proton beam 

tunnel mostly empty 

energy ramp using induction acceleration? 

a dream or our future ? 



PSB PS (0.6 km) 

SPS (6.9 km) 

HL-LHC 

FCC-ee (80-100 km, 
        e+e-, up to 350  
       or 500 GeV c.m.) 
        FCC-hh 

(pp up to  
100 TeV c.m.  
& AA) 

FCC-he: e± (60-250 GeV) – p(50 TeV)/A collisions  

≥50 years e+e-, pp, e±p/A physics at highest energies 

LHeC & SAPPHiRE () 

LHC (26.7 km) 

LHeC as FCC-ee injector? 

LHeC-based FCC-he collider?! 

FCC-he as ring-ring 
collider ?! 

possible evolution of FCC complex 

followed by >1 PeV circular crystal collider (CCC)?!? 

CCC,  

> 1 PeV 



highest-energy particles 

4 July 2012 CERN, Geneva, Switzerland 
 Higgs boson – “God particle”? – mass  
 1.25x1011 eV,  neither matter nor force! 
 

15 October 1991 Dugway Proving Ground, 
 Utah, U.S.A. 
 “Oh-my-God-particle”! 
 (kinetic) energy  3x1020 eV  
 (=3x1011 GeV = 300 EeV)! 
 



cosmic-ray energy spectrum 

P. Blasi, 
UHECR2012 

1045 m-2s-1sr-1GeV1.5! 

LHC p energy           x108 

GZK limit 
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ultimate limit 
of electromagnetic acceleration 

Ecr ≈1018 V/m  critical field for e+e- 

pair creation -  ħ/(mec) e Ecr ~ mec
2  

     

reaching Planck scale of 1028 eV 
would need 1010 m long accelerator 
[1010 m= 1/10th of distance earth-sun] 
“not an inconceivable task for an  
advanced technological society” 
P. Chen, R, Noble, SLAC-PUB-7402, April 1998 
 
 



to know more about accelerator physics … 
a few references 

• M. Conte & W. MacKay, “An introduction to the physics of 

particle accelerators”, World Scientific, Singapore, 1991. 

• H. Wiedemann, “Particle accelerator physics, 1 : basic 

principles and linear beam dynamics”- 2nd ed. , Springer, Berlin 

1999. 

• A. Sessler & E. Wilson, “Engines of Discovery : A Century of 

Particle Accelerators,” World Scientific, Singapore, 2007. 

• S.Y. Lee, “Accelerator Physics” - 2nd ed. / Lee, World 

Scientific, Singapore, 2004. 

• J.B. Rosenzweig, “Fundamentals of Beam Physics,” Oxford 

Univ. Press, 2003. 

• A.W. Chao, M. Tigner, “Handbook of accelerator physics and 

engineering”, World Scientific, Singapore,1999  

 



danke! 



Frank Zimmermann 

• 1991 Physik-Diplom U. Hamburg  

• 1993 Dr.rer.nat. U. Hamburg 

– Arbeiten zum HERA Beschleuniger am DESY 

• 1993-1998 Stanford Linear Accelerator Center 

– Arbeiten am SLAC Linear Collider, B-factory, Future 

Linear Colliders, usw. 

• seit 1999 am CERN 

– LHC Design und Inbetriebnahme, usw. 

– europäische Beschleunigernetzwerke (CARE, EuCARD, 

EuCARD-2) 

– Entwicklung zukünftiger Beschleuniger  

 

 
frank.zimmermann@cern.ch 

 

mailto:frank.zimmermann@cern.ch


appendix: 
  

long shutdown 1 
  

some accelerator history 
   

LHC beam dump 



Long Shutdown 1: 2013-14 
after 2008 incident partial consolidation  
 & related problem of imperfect Cu  
 stabilizer continuity discovered 
  

in 2010-12 LHC operated at 7 & 8 TeV c.m. 
 beam energy to avoid any risk 
    

presently: Long Shutdown 1 (LS1)  ~2 yr  
 to prepare LHC for 13-14 TeV c.m., 
 detector upgrades in parallel  



2008 “incident” 

A faulty bus-bar (SC splice) in a magnet 
interconnect failed, leading to an electric arc 
which dissipated some 275 MJ 

This burnt through beam vacuum and 
cryogenic lines, rapidly releasing ~2 tons of 
liquid helium into the vacuum enclosure 

R. Veness 







cyclotron 

history of the cyclotron: 

1929 Ernest Lawrence (Berkeley) invented the cyclotron 

1929 Hungarian physicists Sándor Gaál and Leo Szilard both proposed cyclotron 

 concept independently 

1930 Lawrence built first operating cyclotron 

protons etc. 

protons etc. 

picture 

taken from 

“hyperphysics” 

web site 



synchrotron 

history of the synchrotron: 

1934 Leo Szilard files a British patent involving “phase stability” 

1943 Australian physicist Mark Oliphant invents the synchrotron, where accelerating  

 particles are constrained to move in a circle of constant radius 

1944 V.I. Veksler ”re-discovered” the key principle of “phase stability”  

1945 Edwin McMillan in Berkeley independently rediscovered the “phase stability” 

1945 Norwegian Rolf Wideroe developed many formulae and ideas for “synchrotron” 

rf frequency changes with magnetic field 

so as to keep particles on a constant circle 

“phase stability” 

pictures 

taken from 

1998 lecture  

by E. Wilson 



history of strong focusing: 

1950 Greek elevator engineer Nicholas Christofilos patented this idea in March 1950; 

 Berkeley physicists and others dismissed the idea as nonsense! 

1952 BNL physicists Ernest Courant and Hartland Snyder reinvent the concept  

1959 25-GeV Proton Synchrotron (PS), the first strong focusing proton ring,  

  starts operation at CERN (1 year before the Brookhaven AGS) 

conventional wisdom in 1950: magnetic lens to focus particles both horizontally  

and vertically cannot be constructed — in contrast to optical lenses, which can 

→ “weak focusing” machines, huge magnets, very expensive 

 

 

example: quadrupole magnet  

focusing in horizontal plane 

N 

N 

S 

S 
defocusing in  

vertical plane 

☼ novel idea: combination of two  

lenses focuses in both planes  

simultaneously (“strong focusing”) 

horizontal 

oscillation 

vertical 

oscillation 

“F” “D” 

“FODO” lattice 

strong focusing 



history of colliding beams: 

1943 Norwegian physicist R. Wideroe invented “storage rings” whereby particles 

    running in opposite directions were to be made to collide  

1956 idea reinvented by Midwestern Universities Research Association (MURA),  

 D. Kerst, G.O.’Neill 

1961 Frascati AdA - the first e+e- storage ring 

1971 CERN Intersecting Storage Rings (ISR) – the world’s 1st hadron collider! 

colliding beams 

2

targetbeamc.m. 2 cMEE 

beamc.m. 2EE 

centre-of-mass energy: 

beam hits  

a “fixed target” 

two beams collide 

colliding two beams against each other can provide  
much higher centre-of-mass energies than fixed target! 






