
RF guns for FELs  
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Å personal remark: details are important for good performance and reliable operation 
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One FEL key component :  
             Ą the high brightness  electron  source  

Why electron  injector  is  so important  é. ??? 

Ą property of linacs : beam quality will DEGRADE during acceleration  
 

Main components of short wavelength SASE-FELs: 

- electron  source  

- accelerating  sections  

- in between: bunch  compressor (s) 

- undulator  to produce FEL radiation 
 

Example: FLASH 1 

RF gun 

Bunch 

Compressor 

Undulators 
Collimator 

Bunch 

Compressor 

5 MeV 150 MeV 450 MeV 1250 MeV 

Accelerating Structures Diagnostics 

FEL Experiments 

Ą  e.g.  wakefields,  coupler kicks  

Ą  e.g.  coherent  synchrotron  

      radiation (CSR)  

increase 

normalized 

emittance  

Č electron source has to produce lowest possible emittance  !!  

Beam Dump 
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Å Why emittance must be small  é 

en = 1 mm mrad 

required undulator  length  

en = 2 mm mrad 

en = 4 mm mrad 
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path length in the undulator    (m) 

FLASH 

peak power  

Å if even smaller emittance  Ý new horizons:  

    shorter wavelength,  higher repetition rate  

Å e.g. XFEL goal:   slice emittance (1nC) = 1.0 mm mrad@undulator  

en = 1 mm mrad 
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path length in the undulator    (m) 

en = 2 mm mrad 

en = 3 mm mrad 

peak current: 5 kA 

energy spread: 2.5 MeV 

European XFEL  

Why electron injector is so important  é 
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Basic principles  and challenges : 

Generic  Injector  Layout  

 

 
 

in general : 

> RF gun   (high gradient, amplitude and phase stability, 1 ź many ź cw bunches) 

> Space charge compensating solenoids   (positioning, no higher field components)* 

> Photo cathode  laser  system  (synchronization, laser pulse shaping in time + space) 

> Booster  cavity  (synchronization, matched gradient and position**,  later: high energy gain) 

> 3rd harm . cavity  to linearize longitudinal phase space (synchr., matched gradient + phase)[5] 

> Laser heater  to increase uncorr. energy spread (prevent µ-bunching instability) [6,7,8] 

> Detailed diagnostics  of electron and photo cathode laser beam 

> Bunch  compression     and    then further  acceleration  of beam  (Ą wakefields ) 

Example: 

European XFEL 

* ñEmittance compensationñ [1, 2, 3] ** ñEmittance conservationñ [3, 4] * ñEmittance compensationñ [1, 2, 3] ** ñEmittance conservationñ [3, 4] 

Generic  Injector  Layout  

 

 
 

in general : 

> RF gun   (high gradient, amplitude and phase stability, 1 ź many ź cw bunches) 

> Space charge compensating solenoids   (positioning, no higher field components)* 

> Photo cathode  laser  system  (synchronization, laser pulse shaping in time + space) 

> Booster  cavity  (synchronization, matched gradient and position**,  later: high energy gain) 

> 3rd harm . cavity  to linearize longitudinal phase space (synchr., matched gradient + phase)[5] 

> Laser heater  to increase uncorr. energy spread (prevent µ-bunching instability) [6,7,8] 

> Detailed diagnostics  of electron and photo cathode laser beam 

> Bunch  compression     and    then further  acceleration  of beam  (Ą wakefields ) 
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Basic principles  and challenges : 

Emittance budget : ‐ ‐ ‐ ‐  

> thermal emittance   ‐  θ „ȟᶻ Ὁ     

     [9, 10]       where „ȟ  RMS laser spot size @cathode 

                   Ὁ  mean kinetic energy of emitted Ὡ  

> RF induced  emittance growth  ‐ ᶿ„ȟ „z     [11], „  electron bunch length  

> Space charge  induced emittance growth  ‐  subject to numerical optimization, 

                             different dependencies for different photo cathode laser shapes 

High accelerating  gradient  at cathode  

 

 

 

Photo  cathode  laser  pulse shaping  (in time and space ): 
Ą relaxes requirements on cathode gradient and gives a lot of additional flexibility ! 

    Č  high cathode gradient helps, but laser shaping is as important !  

ümitigates space charge effects  

üallows to extract higher Q for 

fixed beam dimensions 

ü cathode roughness plays larger role 

ü reliability issues,  heat load 

ü larger ‐  for long bunches 



Mikhail Krasilnikov  & Frank Stephan   |   RF guns for FELs   |  LINAC 2014, Geneva  |  31.8. ï 5.9. 2014  |  Page 6 

Low average  current  RF guns   (<1 µA) 

> Most popular S-band gun, the BNL/SLAC/UCLA gun,  

and its further developments Ą the LCLS gun : 

 

 
LCLS Injector 

Setup @SLAC: 
135 MeV 

attach 1 km of 

linac  HERE 

For more details see D . Dowell et al., SLAC, FEL 2007, Novosibirsk;   R. Akre  et al., PRST-AB 11, 030703 (2008);  C . Limborg  et al., 

ñRF Design of the LCLS Gunò, LCLS-TN-05-3; L. Xiao et al., ñDual feed rf  gun design for the LCLS,ò Proc. 2005 PAC. 

250 MeV 

6 MeV 

Realised  design improvements : 

> Z-coupling  (reduces pulsed heating,  
                       increases vacuum pumping) 

> Racetrack to minimize quadrupole  fields  

> Deformation tuning to eliminate field 
emission from tuners 

> Iris reshaped, reduces field 10% below 
cathode 

> Increased 0 -p mode separation to 15MHz  

> All 3D features included in modeling  
(laser port and pickup probes,  
 3D fields used in Parmela simulation) 
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Low average  current  RF guns   (<1 µA) 

Collection of current 

photo injector 

parameters for 

> LCLS 

> SPARC-LAB 

average beam current 

in the nA  range 

low emittances 

S-band guns 

Table from F. Stephan,  

M. Krasilnikov (2014) [12] 



Mikhail Krasilnikov  & Frank Stephan   |   RF guns for FELs   |  LINAC 2014, Geneva  |  31.8. ï 5.9. 2014  |  Page 8 

> The PITZ gun ,  used for FLASH 

and  European XFEL:  

RF-gun : 

ÅL-band (1.3 GHz) 

1½-cell copper cavity 

ÅRF power: ~7MW peak 

      850 µs pulse length 

@10 Hz Ą ~1% duty cycle 

ÅDry ice cleaning  

Č low dark current 

Cs2Te cathode  

QE~0.5-10% 

Cathode laser 

l=257nm 

pulse trains 

(800 @1MHz), 

10Hz rep.rate. 

 

 

Electron 

bunches : 

ÅpC to  

   few nC 

Å▬□╪●: 
~7MeV/c 

ÅBunch 

trains 

Medium average  current  RF guns   (1 µA <  ╘╪○Ȣ  < 1mA) 

How to achieve small emittance : 

> High gradient  at cathode: 

                         ~60MV/m (1.3GHz) 

> Cathode laser pulse shaping  

 

 

 

 

 

> Gun launch phase  stability 

> Beam based alignment , trajectory 

optimization 

> Emittance compensation and 

conservation Ą multi parametric 

machine tuning  (solenoid, laser spot 

size, gun phase, booster,é) 
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temporal profiles  

FWHM=(21.20Ñ0.33)ps 

rise time=(2.02 Ñ0.11)ps 

fall time=(2.62 Ñ0.13)ps 

transverse profile  

Laser sxy 

Gun phase fg 

Solenoid Imain 

min( ‐ȟ‐ȟ) 
with statistics 
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ÅMeasured emittance results set 

a benchmark on photo injector 

optimization 

ÅOptimum machine parameters 

(laser spot size, gun phase): 

        experiment Í simulations 

ÅDifference in the optimum laser 

spot size is bigger for higher 

charges (~good agreement for 

100pC) 

ÅSimulations of the emission 

need to be improved 

2nC 

1nC 

0.25nC 

0.1nC 
0.02nC 

PITZ: Measured emittance  versus laser spot size  

          for various charges   w.r.t.    simulations  

Medium average  current  RF guns   (1 µA <  ╘╪○Ȣ  < 1mA) 

M. Krasilnikov et al., PRST-AB 15, 100701 (2012). 
 

        TABLE IV. Core xy-emittance (mm mrad) 

        measured for various charges and gun  

        phases. Only statistical errors are shown             

100% RMS 

emittance  

values  
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Medium average  current  RF guns   (1 µA <  ╘╪○Ȣ  < 1mA) 

> The APEX gun  at Berkeley: a NC gun for CW operation  

ü186MHz: 

- reduced cathode  gradient  w.r.t. L-/S-band 

- low beam energy  at gun exit 

+ reduced RF power density  on surface 

+ allows longer laser pulse on cathode  

     Ą reduced space  charge  density  

+ good vacuum conductivity 

     Ą high QE photo cathodes (ὅίὝὩ, ὅίὑὛὦ) 

     Ą reduces power request for cathode laser 

üCommissioning ongoing successfully Ą table 

- dark current @19.5 MV/m Ą 350 nA 

- 300 µA operation   (300 pC @1MHz) 

- ὅίὝὩ lifetime (1/e) is 3 days 

üContinuous extension  is ongoing  

 Courtesy F. Sannibale  

APEX phase 1 layout:  
APEX phase 0 layout:  
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Medium average  current  RF guns   (1 µA <  ╘╪○Ȣ  < 1mA) 

Collection of current 

photo injector 

parameters for 

> PITZ @ DESY 

> APEX @ LBNL 

average beam current in 

the µA  range 

low emittances 

L-band and VHF guns 

high QE photo cathodes 

extensive photo cathode 

laser shaping 

Table from F. Stephan,  

M. Krasilnikov (2014) [12] 


