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Proposal for 90 keV lasing of the  

European XFEL (2010) 

90 keV 



Undulator tunnels  

XTD3 

XTD5 

SASE4 tour 

10.04.2018 



Two scenarios for a new undulator line  

Note of W. Decking  



Possible SASE4/5 layout  

SASE4 
25 - 100 keV 

?-? eV 

UHXR 

HXR 

Operation at a FIXED electron 

energy (say 17.5 GeV)!!!  

SXR 

SXR- 

XUV??? 

Mikhail’s talk tomorrow 

e- 

e- 

7 - 25 keV 

SASE4 and SASE5 positions can be swapped with some complications for photon transport 
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Wavelength limit: early studies 

• In the mid-1990s we started design of XFEL as a part of linear 

collider project 

• It was realized that wavelength (WL) limit is determined by energy 

diffusion in the undulator (due to quantum fluctuations of undulator 

radiation), an estimate for the shortest WL was published in  
 J. Rossbach, E. Saldin,  E. Schneidmiller , M. Yurkov, NIMA 374(1996)401 

   

• Then we obtained the expression for energy diffusion 

 E. Saldin,  E. Schneidmiller , M. Yurkov, NIMA 381(1996)545 

 

     

Planar undulator,  

rms K here 



Wavelength limit 



Design formulas 

Field gain length  

Optimal beta-function  

Saturation length  



Design formulas (cont’d) 

Saturation length modified,  

quantum diffusion included  

E. Saldin,  E. Schneidmiller , M. Yurkov, Opt. Commun. 235(2004)415   

E. Schneidmiller and M. Yurkov,  Phys. Rev. ST-AB 15(2012)080702  (generalized for harmonic lasing) 

Formulas were used to obtain most of the plots of this presentation   



Transverse coherence  

Plot from: E. Saldin,  E. Schneidmiller , M. Yurkov,   

Opt. Commun. 281(2008)1179 

 

For high photon energies ~ 50-100 keV   

If coherence is important, we have to use  

low-charge, low-emittance beams!   

For optimized beta-function and small energy spread, the degree of transverse coherence only depends on  

(geometrical)emittance-to-wavelength ratio.    



Intermediate conclusions  

• The only quantum effect to be considered is the energy 

diffusion due to quantum fluctuations of the undulator radiation. 

It is included in our calculations  

• To design 100 keV FEL we can use the same formulas, tools, 

simulation codes that were used to design the European XFEL 

in its present form   

• At 100 keV it would be difficult to reach the same good level 

of transverse coherence that we have now 

  

     



Highest photon energy vs undulator period  

The shortest wavelength is proportional to undulator period  Simulations with FAST 



Highest photon energy vs undulator length  
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Comparison PM - EM - SC 17 

Courtesy: Efim Gluskin  APS Aug 2012  

PSI IVU 

NdFeB 5.0 mm 



Three possible solutions  

• A. Short-period (2-2.5 cm) undulator with a relatively small 

tunability range for a fixed elecron energy: 

       in-vacuum or standard out-of-vacuum (small gap) 

• B. Short-period (~2.5 cm) undulator with a large tunability 

range for a fixed elecron energy: 

                               superconducting  

• C. Long-period (3-4 cm) undulator, with advanced lasing 

concepts (harmonic lasing, different schemes for nonlinear 

harmonics), with a large tunability range for a fixed electron 

energy:   

 standard out-of-vacuum (present or somewhat reduced gap) 

     



Example A: In-vacuum undulator  

U22IV: period 2.2 cm, g= 5 mm , Krms = 1.3,  m.l.= 175 m  

• High photon energies (~ 100 keV) are achieved  

• Relatively small tunability range, factor 2-3  

U22IV 

Grey: operating range at 17.5 GeV 

Black: can be reached for lower 

electron energies 

White: can be reached for higher peak 

current  

beam stay-clear gap 



Example B: superconducting undulator  

U25SC: period 2.5 cm, g= 5 mm , Krms = 3.93,  m.l.= 175 m  

• High photon energies are achieved  

• Lalge tunability range, factor 10-15  

U25SC 

Grey: operating range at 17.5 GeV 

Black: can be reached for lower 

electron energies 

White: can be reached for higher peak 

current  

beam stay-clear gap 



Example C1: standard undulator   

U35: period 3.5 cm, g= 7.5 mm  , Krms = 3,  m.l.= 175 m  

• 50-70 keV are achieved on the fund.; up to ~100 keV with harmonic lasing  

• Lalge tunability range, factor 6-10 on the fund., up to ~15 with harm. lasing  

U35 

Grey: operating range at 17.5 GeV (fund.) 

Light grey: with harmonic lasing 

Black: can be reached for lower electron 

energies 

White: can be reached for higher peak current  

pole gap (compare with 7.2 mm for LCLS-II) 



Performance at highest photon energies   

Pulse energies between 30 uJ and 60 uJ. 

Spectral power is the same in all cases.  

Bandwidth is 10^(-4) for harmonic lasing 

(FWHM).  

Simulations with FAST for 100 pC bunch 



Example C2: standard undulator, two periods   

• ~50-70 keV are achieved on the fund.; up to ~100 keV with harmonic lasing  

• Lalge tunability range, factor 6-10 on the fund., up to ~15 with harm. lasing  

Grey: operating range at 17.5 GeV (fund.) 

Light grey: with harmonic lasing 

Black: can be reached for lower electron 

energies 

White: can be reached for higher peak current  

pole gap, most conservative 

U40: period 4 cm, g = 10 mm,  Krms = 3,       m.l.= 100 m 

U30: period 3 cm, g = 10 mm,  Krms = 1.65,  m.l.=  75 m  



Hybrid solutions?  

U35 U27 U20SC  

• For g = 7 mm, standard U35 + U27 undulators give the same lower 

photon energy as U40 + U30 with 10 mm gap (~7 keV), but increase 

higher photon energies  

• U20SC is initially short (maybe ~10 m); it starts with 25 keV (as U27) but 

works better at high photon energies; allows to get higher FEL power  

• If it works well, we can later upgrade the system: exchange (maybe in 

steps?) U27 by U20SC, then U35 by U25SC 

• This keeps the same lower photon energies available but greatly 

improves operation at high photon energies; risk is minimized  
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Options to reach higher photon energies 

(than SASE on the fundamental)    

• Nonlinear harmonics generation (always there) 

• Harmonic lasing and HLSS (the most brilliant 

solution) 

• Reverse tapering plus harmonic afterburner 

• Cascaded frequency multiplication 

• Multi-stage optical klystron (chicanes required) 

• Two last items combined 

• … 

     



• Harmonic lasing is the FEL process developing in a planar 

undulator  independently of the fundamental (in linear regime)  

• We have to disrupt the fundamental to let a harmonic saturate  

Harmonic lasing  

the fundamental is disrupted by phase 

shifters (McNeil et al., PRL96(2006) 084801)   

1st: solid 

3rd: dash  

3rd harmonic lasing of SASE2 at 62 keV (0.2 A). Beam parameters for 100 pC 

from s2e (quantum diffusion in the undulator added), energy 17.5 GeV.   

E. Schneidmiller and M. Yurkov,  Phys. Rev. ST-AB 15(2012)080702  



• Saturation efficiency of h-th harmonic scales as ~ lw /(hLsat)  

 

• Relative rms bandwidth scales as ~ lw /(hLsat) 

 

• Shot-to-shot intensity fluctuations are comparable (the 

same statistics) 

 

  

 

Properties of harmonic lasing  

Brilliance is comparable to that of the fundamental!    



 Harmonic lasing at FLASH2 (2016) 

SASE (10) HLSS (4+6) 

(actually, no saturation) 

4 und. at 33 nm 6 und. at 11 nm 



  

• Known theoretically since 1980s (Colson 1981) 

 

• Experiments with infrared FEL oscillators 

 

• Theoretical studies for high-gain FELs (Murphy et al. 1985,                                       

Z. Huang and K.-J. Kim 2000, McNeil et al. 2006) 

 

• No prospects for XFEL facilities  

 

• This was changed recently (Schneidmiller and Yurkov,  Phys. Rev. ST-AB                                                                                                                                

15(2012)080702 ), proposals for European XFEL, FLASH, LCLS … 

 

• First experimental results from FLASH2 (4.5-15 nm) in 2016; first users 

 

• PAL XFEL down to 1nm (2017) 

 

• Interest at LCLS, SACLA and Swiss FEL 

 

• Experiments at the European XFEL just started 

 

 

Harmonic lasing: status  



Reverse tapering plus harmonic 

afterburner  

• Fully microbunched electron beam but strongly 

suppressed radiation power at the exit of reverse-

tapered planar undulator 

• The beam radiates at full power in the afterburner tuned 

to the resonance 

• The afterburner can be tuned to a harmonic; then a 

background-free production of harmonics is possible 

E. Schneidmiller and M. Yurkov, Phys. Rev. ST-AB 110702(2013)16  



32 

Reverse taper experiment at FLASH2 

Beam energy 720 MeV,  

wavelength 17 nm. 

 

Reverse taper was applied to 

the 10 undulator segments; 

the gap of the 11th and 12th 

segments was scanned.  

Power ratio of 200 was 

obtained. For a helical 

afterburner it would be 

larger by a factor of 2.   

23.01.2016 

reverse-tapered undulator “afterburner” 

(x 2) 

~ 200 



 

•  Experiment at FLASH2 on Oct. 10, 2016: 

•  Main undulator: 9 modules, 26.5 nm, -5% taper. 

•  Afterburner: 2 modules, 26.5 nm, 13.2 nm, 8.8 nm 

•  Pulse energy after tapered part: < 1 microjoule 

•  Afterburner on the fundamental: 150 microjoules 

•                               2nd harmonic:  40 microjoules 

•                               3rd harmonic:   10 microjoules 

 

Reverse taper plus harmonic afterburner: 

experiment at FLASH2 

Reverse taper can be used for efficient background-free generation of 

harmonics in an afterburner 

2nd 3rd  



34 

Reverse taper experiment at SASE3 

Beam energy 14 GeV,  

wavelength 1.5 nm. 

 

Reverse taper (2.4%) was 

applied to the 12 undulator 

segments; 

the gap of the 13th and 14th 

segments was scanned.  

Power ratio on the order of 

100 was obtained.   

31.10.2018 

reverse-tapered undulator “afterburner” 



Cascaded frequency multiplication,  

optical klystron etc.  

 

• Large tunability of an undulator with a large K supports cascaded 

frequency multiplication, for example: 

        10 keV     20 keV         40 keV          80 keV  

 

• Optionally, compact chicanes (R56 ~ 100 nm) can be installed. 

Then one can operate optical klystron on the fundamental (thus 

reducing saturation length) and/or on harmonics     



Frequency doubler at FLASH2 

• Undulator is divided into two parts. The second part is tuned to the double frequency of the first 

part. 

• Amplification process in the first undulator part is stopped at the onset of the nonlinear regime, 

such that nonlinear higher harmonic bunching in the electron beam density becomes 

pronouncing, but the radiation level is still small to disturb the electron beam significantly. 

• Modulated electron beam enters the second part of the undulator and generates radiation at 

the 2nd harmonic.     

w 2w 

(Bonifacio et al.,1990;  Fawley, 1996;  Feldhaus et al., 2004;  H.-D. Nuhn et al., 2010) 

8 nm  

4 nm  

Kuhlmann,  Schneidmiller , Yurkov, IPAC’17 
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Additional options  

• Attosecond pulses: there is space upstream (end of XTD1 tunnel and the XS2 hall) to 

install hardware (laser transport, short wiggler, chicane)  

 

 

 

 

 

• Multi-color operation: use betatron switcher principle  

 

 

 

 

• XUV (and optical) afterburner: convert energy modulations on the scale of FEL 

coherence length into density modulations, need a chicane and a short radiator 

undulator (10s nm – 1000s nm range possible); 

 

 

 

      

E. Saldin, E. Schneidmiller, M. Yurkov, Phys. Rev. ST-AB 13, 030701 (2010) 

 R. Brinkmann, E. Schneidmiller, M. Yurkov,  NIMA 616(2010)81 

E. Saldin,  E. Schneidmiller , M. Yurkov, PRST-AB  9(2006)050702 

 

A. Lutman et al., Nature Photonics  10(2016)745 



Eight decades of e.m. spectrum    

• SASE1-5 might be able to cover the range from UHXR to 

SXR (and maybe XUV)   

• SASE afterburners can work from XUV to NIR 

• THz facility (talk by M. Krasilnikov) and/or a wiggler (talk by 

T. Tanikawa): MIR to FIR  

• Together with optional XUV and optical afterburners, and 

accelerator-based THz facillty, the European XFEL would 

cover continuously eight decades of e.m. spectrum  

    (from 1 meV to 100 keV)        
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Why large tunability for fixed energy?   

• Ideal multi-user XFEL facility: runs with constant electron energy, 

and photon energies are changed by undularors only  

• This will not work by us (although we can think of possible upgrade 

of SASE1-3), but the tendency would be to operate most of the time 

at a nominal high energy   

• Reducing energy from time to time is necessary but it might be 

painful (performance is reduced), also logistics is complicated 

• The problem at SASE4 with a weakly tunable undulator is that (for 

nominal electron energy) photon energies are always in UHXR 

regime. Will we have enough users? What if there is no lasing there? 

• In a widely tunable undulator one can always change to a standard 

range (7-25 keV) and work for users or fix problems with lasing; 

smooth commissioning and operation should be possible; day-night 

switching between two ranges (HXR and UHXR) should be possible  

     



Summary  

  

• Lasing up to ~100 keV should be feasible.  

• Concept of the SASE4 undulator allows for a wide tunability 

range (from 7 keV to 100 keV) at a fixed electron energy of 

17.5 GeV by making use of either SC undulator or standard 

undulator technology plus advanced lasing options. Two 

instruments for a “standard” HXR range (7-25 keV) and for 

UHXR (25-100 keV) can then be operated.    

• After implementation of some additional options, the 

European XFEL would cover continuously eight decades of 

e.m. spectrum (1 meV to 100 keV) being unique.        

    



  

Backup slides 


