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Large Research Accelerator Facilities in Switzerland 



CERN, Geneva 



SwissFEL 

SLS 

HIPA 



           Paul Scherrer Institute (PSI),  Villigen, near Zurich 

1960  Eidgenössisches Institut für Reaktorforschung (EIR) 

1968  Schweizer Institut für Nuklearphysik (SIN) 

1988  EIR + SIN = PSI   research with photons, neutrons, 

muons 



                               Paul Scherrer Institute (PSI) 

PSI Accelerators: 

• 590 MeV proton cyclotron: 1.3 MW beam power  

 spallation neutron source SINQ & muon source SmS 

• 2.4 GeV synchrotron light source SLS 

• 5.8 GeV / 1 Å free electron laser SwissFEL 

 



                               Paul Scherrer Institute (PSI) 

• Annual budget ~ 300 MCHF 

• 2000 employees (27% women, 49% non-Swiss citizens) 

 

 



Swiss Free Electron Laser (SwissFEL) Facility 



SwissFEL   –   a hard X-ray (0.1 nm) SASE* FEL 

  



SASE* (Self Amplified Spontaneous Emission) FEL  

undulator period 

bunch energy 

*)   Kondratenko, Saldin 1980  

      Derbenev, Kondratenko, Saldin  1982 

     Bonifacio, Pellegrini, Narducci 1984 

- relativistic electron bunch 

 

- a (long enough) undulator 

 



SASE (Self Amplified Spontaneous Emission) FEL  

- In the undulator, the bunch is modulated by its     
own synchrotron radiation field 

- Electrons are “self-organized” in micro-bunches, 
      which radiate coherently 
- The total radiated power grows exponentially until 
      it reaches saturation 



SASE FEL performance conditions  



- A resonance condition in the 
   undulator 

undulator parameter 



- A sufficient overlap between 
     the electron bunch and its 
     radiation field 

 

A bright source with small εN  

or high energy 



 
 

 

                         FEL parameter 
 

           for VUV FELs  ~  0.01-0.001 
           SwissFEL (0.1 nm) ~ 0.0003 
 

SwissFEL  (0.1 nm)  -  45 m    
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So, SASE FEL requires 

- Small bunch length 
 

- Small transverse bunch size 
 

- Very precise beam steering  
      through the accelerator  
       and (long) undulator 



SwissFEL Highlights 



SwissFEL has the lowest beam energy (optimized for 1Å) 

Advantages:  Compact and affordable for Switzerland                 

Challenges :  More stringent requirements for the beam quality, mechanical  

                        and electronic tolerances  

Some X-FEL Facilities 



For  availability/costs  reasons  the  injector is   European S/X band,  

                         whereas the linac is  US C band  

Frequencies in MHz 





 
 

 

Phase 2 



SwissFEL two-bunch operation 













     SwissFEL Machine/Beam Diagnostics  
             (+ commissioning facts) 



  
SwissFEL Diagnostics Challenges   –   Key Beam Parameters 

     low charge (10 pC) capability for all diagnostics monitors 

     high bandwidth pick-ups and detectors to accommodate for 2-bunch mode (Dt = 28 ns) 

     low emittance beam (en ≥ 180 nm rad) generating small transverse beam sizes 

     ultra-short bunches (2.5 fs < t < 20 fs) and high compression factors 

     ultra-low synchronization and timing (as well as RF) jitter tolerances 

     all monitors must be capable of being used in (beam-based) real-time feedbacks 

SwissFEL  

Key Parameters 

Operation Modes 

Long Bunch Short Bunch 

Bunch Length 20 fs (rms) 2.5 fs (rms) 

Comp. Factors 125 240 

Norm. eh,v 430 nmrad 180 nmrad 

Timing Stability Jitter Drift 

Sync. System < 10 fs < 20 fs / day 

Bunch Arrival < 10 fs < 10 fs / day 

SwissFEL  

Key Parameters 

Operation Modes 

Long Bunch Short Bunch 

Photon Energy 0.2 – 12 keV (1 Å) 0.2 – 12 keV (1 Å) 

Power / Energy 60 µJ / 2 GW 3 µJ / 0.6 GW 

Electron Energy 5.8 GeV (for 1 Å) 5.8 GeV (for 1 Å) 

Bunch Charge 200 pC 10 pC 

Rep. Rate 100 Hz 100 Hz 

Bunch Distance 28 ns (2 bunches) 28 ns (2 bunches) 
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Beam Charge Monitors 

Main SwissFEL requirements: 
 
- Absolute charge (10-200 pC) measurement accuracy – 1% 

 
- 2-bunch resolving capability 

 



Bergoz Turbo-ICT 

 
- Delivered as a fully calibrated device 
- Not sensitive to the dark current due to its fast readout of the beam induced 
     current (3 ns) at higher bandwidth  

 

blue squares – first bunch 
red squares – second bunch 





BPM 



Requirements / Specifications 

Parameter Injector Linac & TL Undulators 

Pickup Length 250 mm 100 mm 100 mm 

Inner Beam Pipe Aperture 38 mm 16 mm 8 mm 

Position Range ±10 mm ±5 mm ±1 mm 

RMS Position Noise <10 μm <5 μm <1 μm 

Position Drift (per week) <10 μm <5 μm <1 μm 

Relative RMS Charge Noise <0.1% <0.1% <0.1% 

Nominal Charge 10-200 pC 

# Bunches per Train 1-3 1 

Max. Bunch Train Rep Rate  100Hz 

Min. Bunch Spacing 28 ns - 



Pickups:  
  

• Use only cavity BPMs (based on E-XFEL/SACLA design 

  optimized for low charge operations) to minimize  

  manpower & to get a homogeneous system. 
  

 

  

Electronics: 
  

• Based on E-XFEL electronics (PSI, Swiss in-kind  

    contribution to the European project).  

   Small modifications are made to meet SwissFEL specs.  

Solution 









Transversal Beam Diagnostics 

Monitors 



The PROBLEM:    

 

Coherent OTR has been observed for highly  
brilliant electron beams 

So, to measure profiles with  wire scanners? 

 but it is very slow…   

 

Another option – to use scintillator screens 

(also affected by the COTR) and try to suppress 
the generated COTR. 

Optical Transition Radiators  as 2-D Transverse Profile Monitors 



Scintillator Screens as 2-D Transverse Profile Monitors 

(YAG or LuAG scintillator crystals) 



electron 
beam 

scintillator 

camera 

Schematic Setup and Main Properties of Scintillators as Screen Monitors 

 electrons passing the scintillator crystal excite atoms and molecules, 
     which then scintillate: re-emit the energy in the form of  light 

 multiple scattering in scintillator crystal increases beam divergence 

 visible light from scintillator crystals is radiated in 4  

 photons are created along the beam pass through scintillator crystal 
      - a “light column” is formed 

 scintillator crystals are very sensitive and radiation resistant 

 thickness of scintillator crystals and observation angles affect resolution 



 The problem:   COTR is formed at the border scintillator/vacuum 



COTR suppression:   spatial separation – SwissFEL profile monitors 

 entire screen (large RoI) can be observed without  

      depth-of-field issues by following Scheimpflug imaging principle 

 observation of beam profile according to Snell’s law of refraction 

 detector (CMOS sensor) is tilted by 15° for 1:1 imaging  
       to avoid astigmatism 

 one can image beams, which are smaller than scintillator thickness 

 use YAG or LuAG scintillator crystals instead of OTR 



COTR suppression:   spatial separation – SwissFEL profile monitors 

rms beam size: 8 µm 



COTR suppression:   spatial separation – SwissFEL profile monitors 

…and a comparison 

to the «real world» 





Wire Scanners 





Bunch Compression Monitors 







Bunch Arrival time Monitor (BAM) 



Electro Optical Modulator (EOM)    -   Mach-Zehnder Interferometer 

LiNbO3 
Pockels Cells 



if 

0 



BAM basic ideas and layout 



BAM pickup 

• Pickup chamber, 16 mm beam pipe diameter 
• 40 GHz button pickups, feedthrough adapted to 

the PSI beam pipe diameter 



BAM Box • TEC controlled 
• Acoustical and thermal insulation 
• Shielded against radiation 
• EOM bias stabilization 
• Accessible for servicing 

Typical T° Stability over 12h: 5 mK pk-pk EOM bias stabilization: 12 h statistics 

Polarization stabilization: 12 h statistics 



Radiation Dose Monitors 













  
Overview of SwissFEL Diagnostics Components   (Phase-1,  ARAMIS) 

     Beam Position Monitors:  7 x BPM-38   /   111 x BPM-16   /   27 x BPM-8  (all cavity-type BPMs) 

     Screen Monitors:   10 x high sensitivity, high resolution SCM for meas. at 100 Hz 

     14 x SCM for observation and control room support at 10 Hz 

     Wire Scanners:   23 x WSC along LINACs, TLs and ARAMIS undulators 

     Synchrotron Radiation Monitors:: 1 x BC-1   /   1 x BC-2   /   1 x Collimator (10-4 energy spread res.) 

     Beam Charge Monitors:  4 x Turbo-ICT-2  (~ 4 % absolute) 

     BPMs (0.1% relative)  

     Beam Loss Monitors:  38 scintillating monitors (high sensitivity) 

     8 distributed Cherenkov monitors  

     Dose Rate Monitors:  32 RadFET dose rate monitors (FERMI-type)  

     Bunch Arrival Time Monitors: 4 x BAMs (in front of LH, BC-2 & collimator, behind ARAMIS undulators)  

     Gun Laser Arrival Time Monitor: 1 x LAM at photo-injector gun   

     Compression Monitors:  1 x BC-1 (THz)   /   1 x BC-2 (FIR)   /   1 x Collimator (FIR to visible) 

     2 coherent diffraction radiation monitors (for commissioning) 

     Transverse Deflectors:  1 x S-band (behind BC-1 at 450 MeV providing 15 fs time resolution) 

     1 x C-band (behind LINAC-3 at 5.8 GeV providing ~ 2 fs time resolution) 

















Some important SLS highlights 





Synchrotron Radiation Monitors:  SLS -Polarization Monitor 

• operating wavelength:       variable (266 nm) 

• opening angle:                    7 mradH x 9 mrad V 

• finger absorber to block main SR intensity 

• imaging by toroidal mirror 

• magnification:                         1.453 

• surface quality of optics:        < 20 nm (/30 @ 633 nm) 

• -polarization or interferometric method selectable 

calibration & alignment 

SLS: vertical beam size y = 3.6 µm ± 0.6 µm for by = 13.5 m   →   vertical ey = 0.9 pm  (natural limit from 1/g:  ey,min = 0.2 pm) 













Cyclotrons 









Thomas focusing (1938) 

Make B azimuthally dependent 
 
 
 
Radial (Separated)  Sector Cyclotrons 



- 

- 





High Intensity Proton Accelerator (HIPA) 
                       complex at PSI 

















HIPA Operational Facts 

















Swiss Muon Source (SµS) 

- the world's most intense continuous beam  
      muon source  
 
-   one of the main applications of these intense  
muon beams is muon spin spectroscopy 
 





- a continuous neutron source – the first of its kind 
in the world – with a flux of about 1014 n/cm2/s. 
 
-  research in solid state physics and  
chemistry, materials science, biology, medicine,  
environmental science  
 
-  increasing number of industrial applications 

Swiss Spallation Neutron Source (SINQ) 
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