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PSI has 4 Top-class Accelerators! 

 

Á Ring-Cyclotron :  590 MeV Protons (1974) 

  => Neutrons, muons 

Á SLS:  Storage Ring , 2.4 GeV Electrons (2000) 

  => X-rays 

Á compact-Cyclotron COMET:  250 MeV Protons (1996) 

  => Cancer Therapy 

Á SwissFEL,  Electron Linac , 6 GeV  (2016) 

                   => Femtosecond  X-ray Flashes 



3 Probes for  Material Research 

Photons  ( SLS, SwissFEL )   Electron Cloud  
  

Neutrons  (SINQ)                Atomic Nuclei 

                     

Muons   (mSR)                      internal magnetic  

                                  Fields in Crystals 

only at PSI and Rutherford Lab 
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2.4 mA,  1.4 MW average Beam Power 

(World Record!) 

most intensive  

Muon Beams 

5·108 µ+ /s ,   10 8 µ-/s 

Spallation-Neutron-Source    

1014 n/s 

equivalent to  

medium Flux Reactor 

(but without Uranium!)  

Ring Cyclotron  
590 MeV Protons 



Swiss Light Source (SLS) 
2.4 GeV Electron Storage Ring 

Å  constant beam current (400-402 mA)  

   due to top -up  injection every 2.5 min. 

     

Å  extremely stable Photon Beams  

   due to  Ăfast orbit  feedback ñ (< 0.2 µm) 

 



Nobel Prize in Chemistry 2009 ! 

V.Ramakrishnan won Nobel prize in chemistry 

He was a user of a protein crystallography beam line at 

the SLS at PSI  

Investigation of Ribosomes with x -ray diffraction  



Eye Tumours 3 rotating Gantries  

3D-Spot Scanning 

Superconducting Cyclotron 
250 MeV Protons for  

Cancer Therapy 

70 MeV 70-250  MeV 



The first Cyclotron 1931 

E.O.Lawrence,  

M.S.Livingston 

Berkeley, California 

 

4 inch diameter 

1 kV on the Dee 

80 keV Protons 



original Cyclotrons 

the cyclotron as seen by the inventor  

the first classical cyclotrons 



4 new Cu Cavities in Ringcyclotron (2008) 

590 MeV Protons 

  

1.4 MW Beam Power 

(world record!)  

 

8 Magnet à 250 Tons 

 

4 Cavities à 850 kV     
 

Extraction å 99.98 % 



New Copper Cavity (5.6m long)  

50 MHz, CW 

Voltage limit 1 MV   

(old cavity 0.72 MV) 

at 850 kV and 2.4 mA: 

250 kW loss in cavity 

350 kW goes  
            to the beam 

 

Beam limit 3 mA ? 



Flattop Voltage gives 
minimum energy spread 
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Flattop RF-Voltage with addition of a 3.harmonic 

ideal flattop: 
V=V1+V3 

no flattop V1  = cos F 

3.harmonic: V3 = - 0.115 cos 3F 



Advantages of Ring Cyclotrons 
(Hans Willax 1963) 

magnetic field and RF system are decoupled 

many high voltage cavities strong vertical focusing 

small magnet gap 

straight sections 

easy construction of  

extraction and  

injection elements 

lots of space for 

diagnostic and  

correction elements 

     fast crossing of  

      resonances, 

good turn separation 

 

=> high intensity requires injector!  

flattop cavity 

monoenergetic    

      beam 

low extraction losses  

single turn     

extraction 

low power  

consumption 

(magnet weight as low as   

 for compact magnet!) 



Orbits in Ring 
Cyclotron 

Extraction 

Septum 

RF Cavity 

Magnet 

Sector 

6 Orbits plotted at  

equidistant energies:  

75, 177, 279, 381, 483, 585 MeV 

R ~ ɓ(=v/c) 



The PSI Cyclotrons 

INJECTOR I 
1973-2011 

INJECTOR II 
1984 

Light Ions 

E/A=(Z/A)2 K 

K=120MeV 

Protons 72MeV Protons 72MeV 

2.7 mA (200kW) 

Ringcyclotron 
1974 

Protons 590MeV 

2.4 mA (1.4 MW) 

(10mA polar.) 

COMET s.c. 
2007 

Protons 250MeV 

tumour therapy 

60 MeV eye tumour 
200mA  

(11mA pol.) 

Eye Tumour Therapy  

tumour therapy 

(pions), protons 

up to 2006 



Neutronsource 
SINQ 

Medical Annex 

Ringcyclotron 

ultra cold 
Neutrons 

cold Neutrons 

Injector II  

Injector I  

pions 
muons 

Experimental Hall 



The PROSCAN Medical Annex 

Cyclotron COMET 

Optis 

Gantry I 

Gantry II 

Medical Pavillon 

Material Research 

(future Gantry III) 



Comet Cyclotron Radiation Therapy with  

250 MeV Protons 

superconducting Cyclotron: 

Magnet, 3m Ø 

Collaboration: ACCEL & PSI 

The spiral structure  is responsible 

for the vertical beam focusing 

1 m 



OPTIS,   Eye Tumour   

Therapy with Protons 

1984-2016   

ca. 6ô000 Patients 

 

Tumour Control: 

> 98%  

(Collaboration with  

 Hospital Lausanne) 

Irradiation on 4 Days 



Proton Therapy 

Irradiation of Tumour  

from different Directions 

with Gantry 

Ý minimal Dose at     

    Surface 



SPOT SCANNING 
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BRAGG peak 

Irradiation of deep seated tumours; 

minimal damage to  

neighbouring tissues 

  



Brain Tumour 

Irradiation with  

Protons by 

Spot-Scanning 

(E.Pedroni, PSI) 



Cockkroft-Walton  

Pre-Accelerator 

Voltage: 810 kV 

Acceleration Tube 

Proton Source 

inside Faraday 

Cage on 60 kV 



Injection of 870 keV 
Protons into Injector II  



Layout Injector II  

RF cavity 50 MHz 

860 keV  
protons 

72 MeV protons 

Extraction magnets 

sector magnet 1 

Flattop Cavity 



Injector II  

Injection Line  

870 keV 

Extraction Line  

72 MeV Protons 

(after 100 turns)  
Resonator  

50 MHz 



Recipe for high Intensity  

Á    continuos beam (cw) 

 

Á  very low extraction losses 

 

=>  separated turns with  

       large turn separation dR  

       at extraction 

 

=>  high energy gain per turn,  

       powerful RF-system  with  

       high voltage cavities 

 

      dR ~ Radius R 

=>  large machine radius  !!  

the last 5 turns in the Injector II  

dR 



why is the PSI Ring Cyclotron  
such an efficient accelerator ? 

magnetic and RF-System  

are decoupled  

=> economic magnets  

=> economic RF-cavities 
isochronous magnetic field 

multiple  
beam traversal  

of RF-cavity  

continuos beam  (CW) 

=> high average current  

high RF voltage + Flattop cavity  

=> good turn separation  

=> very low losses  

efficient use of 
RF power 

high Beam Power  

general property 
of cyclotrons  

specialty of  

Ring Cyclotron  



History of the Peak current  
in the 590 MeV Ring Cyclotron 

new targets  

new cavities 1 -4 
 

4 upgraded RF 
amplifiers  

Injector II  design 
goal 

0.1mA  

Courtesy Mike Seidel 



Ăslowñ Neutrons for 

Material Research 

Å  Production of fast Neutrons  

Å  slowing down in Moderator 

1. Fission of Uranium (U235)  

    in a Reactor 

2. Spallation of heavy Nuclei  

    (e.g. lead) by Bombardment with  

     Protons from an Accelerator  

=> safe and fast turning off !  



SINQ 

Neutron Spallation Source 

Shielding  

7 m Concrete  
Guide for   

cold  Neutrons  



cold Neutrons 

Proton (590 MeV) => Lead Nucleus => ca. 10 Neutrons  

=> Moderation to < 0.025 eV => Diffraction on Material Probes  



Spallation Neutrons 



Radiography with Neutrons 

=> the interior  of big objects  

       becomes visible 

Motor 



Energy Amplifier Concept (C.Rubbia) 

example:  600 MeV PSI Cyclotron  

in future with 3 mA => 1.8 MW  

=> production of neutrons in  

      subcritical reactor (e.g. k=0.97)  

=> 110 MWth => 40 MW el  

 

=>  power plant with 1 GWel needs  

35 mA protons at 1 GeV => s.c. Linac 

 

Å inherently safe 

Å use of Thorium  (big reserves) 

Å no production of Plutonium  

  for weapons 

Beam current needed to produce 80 MWth with protons 
for different criticality factors k (ref. Ansaldo 2001)  

PSI 



reduction of lifetime of nuclear waste ! 

chem. separation of long lived actinides  

                        

    high intensity proton beam 

    å 40 MW (30*PSI) ,  ca. 2050 ? 

                        

       production of neutrons 

 

       transmutation of aktinides  

 

Reduction  from  1 Mill. years  to  400 years  
European Roadmap for Accelerator Driven 

Systems é   ENEA Italien 2001 



Ring Cyclotron September 1973 

1 2 3 
4 

5 

1 Hans Willax 

2 Miguel Olivo 

3 Thomas Stammbach 

4 Werner Joho 

5 Christa Markovits 



First 600 MeV Protons on Target 25.2.1974 

Jean Pierre 
Blaser 

Francesco  
Resmini 

Werner  
Joho 

Thomas  
Stammbach 

Richard Reimann 
Manfred Daum 

Paul Rudolf 
Hans  
Willax 

Urs  
Schryber 





Int. Cyclotron Conference 1975 Zürich 

Stanley Livingston 

Jean Pierre Blaser 
Director 

Werner Joho 
Hans Frei 



Success Factors for PSI Ring Cyclotron  

Magnets and RF-System are decoupled 

4 high voltage cavities 

high turn separation dR/dn ~ R·V large Radius R 

I max ~ V 3 

fast acceleration into fringe field,  

where Qr drops: dR/dn ~ 1/Qr 2 

excellent beam from Injector  separated turns 

Flattop Cavity high phase acceptance ǧū 

eccentric Injection Qr at extraction 1.75 => 1.5  

wins factor 3 in dR/dn: 6 => 17mm  

Losses at extraction å 10-4 
straight electrostatic Septum 
with 0.1mm strips  

1.4 MW Beam Power  

1 

3 

2 

4 

6 

5 

7 

Continuous Beam (CW) 8 



History of the Cyclotron 

 

History of Cyclotrons 

 
 

1929 Idea by E.O.Lawrence in Berkeley    

(inspired by R.Wideroe!) 

1931     4 inch cyclotron   80 keV  p 

1932   10 inch cyclotron   1.2 MeV  p 

1934   26 inch cyclotron   7 MeV  p 

1939   60 inch cyclotron   16 MeV  d 

1946 184 inch synchrocyclotron 200 MeV  d 

        400 MeV  a 

 

 

1938 Idea for sectored cyclotron (AVF)  by Thomas 

 

1962 88 inch  sector cyclotron  K=160 MeV   ions 

1974 SIN/PSI  Ringcyclotron  590 MeV  p 

1982 supercond.cyclotron MSU K=500 MeV   ions   

 

 

Today: 

 

ca.   80 cyclotrons of individual design 

ca. 150 commercial cyclotrons 
 

 

 

 

 

 

2008: ca. 90 indiv. cyclotrons,  ca. 200 commercial cyclotrons 



The Cyclotron as seen  
by the Operator  

Dave Judd 
1966 



The Cyclotron as seen  
by the Visitor  



SLS 
(140m Diameter)  



Swiss           Light          Source 

Synchrotron  Lichtquelle  Schweiz 

Source         Lumière      Suisse 

Sorgente      Luce           Svizzera 



SLS Building 

an architectural Juwel ! Team of Architects from Bern  
(Gartenmann, Werren, Jöhri, Marchand ) 



SLS interior Area 






































