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Outline 

•Types of Seeding – direct; 
indirect; self;  
•HB-SASE; i-SASE; p-SASE….  
•UK CLARA FEL Test Facility 
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The issue: SASE photon output 
• SASE output is amplified noise 

• Spontaneous emission generated by electron beam in first few gain 
lengths is the ‘seed’ which is amplified via an exponential instability.  

• Pulses noisy temporally and spectrally: poor temporal coherence 

• No pulse-to-pulse reproducibility 
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1t  Far from FT limited: 
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Direct seeding at fundamental 
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No seeds 
in X-ray 
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Indirect Seeding 
Using Harmonics 

‘Use good temporal coherence of a 
longer wavelength to seed coherence 

at shorter harmonic wavelength ’ 
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Harmonic Generation via a longer 
wavelength seeded beam 

Seed laser λ1 

R. Bonifacio, L. De Salvo Souza, P. Pierini, and E. T. Scharlemann, NIM A 296, 787 (1990). 

L.-H. Yu et al., Science 289, 932 (2000). 

Good coherence 
at λ1 transferred 
to harmonic λn 

8 



D 

56D k R

Harmonic Generation via a longer 
wavelength seeded beam 

Seed laser λ1 

R. Bonifacio, L. De Salvo Souza, P. Pierini, and E. T. Scharlemann, NIM A 296, 787 (1990). 

L.-H. Yu et al., Science 289, 932 (2000). 

Good coherence 
at λ1 transferred 
to harmonic λn 

8 



D 

56D k R

Harmonic Generation via a longer 
wavelength seeded beam 

Seed laser λ1 

R. Bonifacio, L. De Salvo Souza, P. Pierini, and E. T. Scharlemann, NIM A 296, 787 (1990). 

L.-H. Yu et al., Science 289, 932 (2000). 

Good coherence 
at λ1 transferred 
to harmonic λn 

56
1 D k R

nD






 

8 



X-rays require a HGHG Cascade 

λ1=260nm 

24th Harmonic 
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However… 
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Indirect Seeding: 
Echo Enabled Harmonic Gain 
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Mechanism 
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Indirect Seeding: 
Echo Enabled Harmonic Gain 

- Also results in modal bunching 
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 Modal bunching 
with separation 
of initial 
modulation laser. 

17 



Mode locked FEL interaction 

10 nmr 
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Self-Seeding 
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Self-seeding 

Feldhaus, J., Saldin, E. L., Schneider, J. R., Schneidmiller, E. A. & Yurkov, M.V. Opt. Commun. 140, 341 (1997) 
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Results from LCLS Experiment* based 
on: 

Single-shot Averaged 

*J. Amann et al, NATURE PHOTONICS 6, 693 (2012)  
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HB-SASE; i-SASE; p-SASE…. 
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HB-SASE; i-SASE; p-SASE…. 

??  HiBp-SASE  ?? 
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HB-SASE developed from 
numerical experiments on studies 

of phase shifting in the FEL  
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Small shifts <  λr 
(Phase shifts) 
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λr /2 
(π-shift) 
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Phase shifting  

π-shift 

Use chicanes to 
delay electrons 
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Result: bunching with reduced energy spread 
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Can also get Harmonic Amplifier FEL* 

2π/3 

fundamental 

3rd harmonic 

29 *McNeil, Robb & Poole, PAC 2005, Knoxville, Tennessee, 1718-20 
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Can also get Harmonic Amplifier FEL* 

A relative phase change between 
electrons and fundamental radiation 
of n2π/3 (n - integer) will disrupt the 
fundamental-electron coupling and 
so the fundamental’s growth. 

2π/3 

However, a n2π/3 phase change for the 
fundamental is a n2π phase change for the 
3rd harmonic – The 3rd harmonic interaction 
therefore suffers no disruption. 

fundamental 

3rd harmonic 

29 *McNeil, Robb & Poole, PAC 2005, Knoxville, Tennessee, 1718-20 



30 
*McNeil, Robb, Poole & Thompson, PRL 96, 084801 (2006) 
 Schneidmiller & Yurkov, PRST-AB 15, 080702 (2012)  - For SASE 
 

Using a seeded steady-state model* (i.e. no pulses effects):  
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Using a seeded steady-state model* (i.e. no pulses effects):  

Seeded at 
fundamental 



Large shifts >>  λr 
(But no phase shifting) 
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The introduction of longer shifts, >>  λr, over many wavelengths, was 
subject of PhD study from Oct. 2005 to improve SASE coherence: 
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Method: Stretch out the interaction and the coherence length:  
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Method: Stretch out the interaction and the coherence length:  
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Large shifts >>  λr,  

Nw period 
undulator 

Electron delay  

e e e 

e 

s s 

l l + δ 
s l  
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Summarising: 

Increasing spike separation   =>    Increasing cooperation length 
                                                   =>   Improved temporal coherence 

Increased cooperation 
length: 

Undulator 
slippage 

Chicane 
slippage 

Chicanes with equal electron delays  >>  λr 
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We became 
distracted by this 
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Clearly thinking along the same lines, but did not pursue further? 

Also get 
‘cavity’ modes 

Linear process 
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Generating Modes 
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Mode generation 

For continued slips of distance s, only those wavelengths with an integer number of periods 
in distance s will survive after many such slips. For s an integer of       : 
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X-ray FEL amplifier with mode-locking* 

*Thompson, McNeil, PRL 100, 203901 (2008) 
   Kur, Dunning, McNeil, Wurtele & Zholents, NJP 13, 063012 (2011) 

Electron energy modulation 
at mode spacing 
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X-ray FEL amplifier with mode-locking* 

Spike FWHM ~ 23 as 

*Thompson, McNeil, PRL 100, 203901 (2008) 
   Kur, Dunning, McNeil, Wurtele & Zholents, NJP 13, 063012 (2011) 

Electron energy modulation 
at mode spacing 
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Removing the modes 
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42 

*Thompson, Dunning & McNeil, ‘Improved temporal coherence in SASE FELs’, 
TUPE050, Proceedings of IPAC’10, Kyoto, Japan  

Different chicane delays* introduce different integer 
resonant wavelength delay to e-: 

gl gl gl

n =1 

ω 

n=1 n = 2 n = 3 

2
 is different for each module, to leave 

only the central resonant wavelength.
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High-Brightness SASE – Stage I* 

To remove the modes , a randomness in the chicane delays was introduced :  

   

where:  is a constant and  is a uniform random variate 
n r

r r

  

   

 



glglgl

43 



High-Brightness SASE – Stage I* 

To remove the modes , a randomness in the chicane delays was introduced :  

   

where:  is a constant and  is a uniform random variate 
n r

r r

  

   

 



glglgl

Mean spike spacing Bandwidth reduction 
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– The following results are for a delay sequence based on 
Prime Numbers, as a method of prohibiting the sidebands: 

As the frequency spacing of the axial modes is inversely 
proportional to the delay s: 
• no common supported sidebands between any two 

delays 

• The prime delay sequence is defined as 

 

• Setting s1 scales the whole sequence.  

is sequence of primes beginning with 

High-Brightness SASE – Stage II 
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HB-SASE Mechanism I 
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e- beam 
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Undulator modules  have lengths   

Radiation wavefronts then propagate  
through electrons in each module 

s l  

Due to extra slippage , no radiation 
wavefront propagates through electrons 
within  local range         in successive 

undulators –  NO LOCALISED 
COOPERATIVE EFFECTS 
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HB-SASE Mechanism II 

s1 

e- beam 

Module 2 
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Module 5 5s1 

The phase can adapt 
rapidly in linear regime 
due to the 1/a  term.  

The phase coherence propagates rapidly at the 
enhanced  slippage rate  throughout the pulse 
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HB-SASE: Simulation Results, Long Pulse, Scaled Units 

• Constant current, le = 4000, module length l = 0.5, delay sequence with s1 = 4l 
• Coherence length calculated using: 
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HB-SASE Vs SASE: Comparison of Coherence 
Development  

SASE 
Coherence length evolves little after first three gain lengths, reaching half its 
saturation value by          , and always grows more slowly than the accumulated 
slippage 

HB-SASE 
Coherence length evolves more slowly for first three gain lengths, then 
grows exponentially 

3z 
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HB-SASE Spectrum for simulation in soft 
X-ray at 1.24 nm* 

*McNeil, Thompson and Dunning, Phys. Rev. Lett., 110, 134802 (2013) 
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HB-SASE Spectrum for simulation in soft 
X-ray at 1.24 nm* 

*McNeil, Thompson and Dunning, Phys. Rev. Lett., 110, 134802 (2013) 

The system of shifts acts like a ‘distributed monochronometer’. 
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SASE & HB-SASE comparison* 

*McNeil, Thompson and Dunning, Phys. Rev. Lett., 110, 134802 (2013) 

SASE: 
HB-SASE: 

Poor temporal coherence 

Excellent temporal coherence 



HB-SASE: 1.24nm Soft X-Ray Example 
Parameters: λ = 1.24nm, E = 2.25 GeV, Ipk = 1200 A, Q = 200 pC, ρ = 8.810-4  
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Very Related Research - iSASE 

• iSASE (Improved SASE)  

– Chicanes used to delay electron bunches between undulator modules 

– Proposed a Geometric sequence of increasing delays 

– Good temporal coherence (~constant phase) enables efficiently tapered 
undulator for ultra-high peak power – predict TW-level powers 

– Proof-of-principle experiment on LCLS over a limited parameter range, using 
detuned undulators as delay sections, showed a threefold reduction in SASE 
linewidth, in agreement with expectation for the parameters used.  

– Demonstrated stability to electron beam energy jitter 
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Experiment! 

SASE 53 



Experiment! 

iSASE 54 



• pSASE (Purified SASE) 

– A few undulator sections (called slippage boosted sections – U2 below), 
resonant at a sub-harmonic of the FEL, are used in the middle stage of the 
exponential growth regime to amplify the radiation while simultaneously 
reducing the bandwidth 
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• pSASE (Purified SASE) 

– A few undulator sections (called slippage boosted sections – U2 below), 
resonant at a sub-harmonic of the FEL, are used in the middle stage of the 
exponential growth regime to amplify the radiation while simultaneously 
reducing the bandwidth 

LCLS-II type 
parameters 
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Practical Issues 
• Undulator module lengths 

• Undulator modules should ideally be less than 
a gain length to prohibit localised effect  

• Electron Beam Delays 

• Our work shown here uses isochronous chicanes which do not affect rate of electron 
microbunching 

• Small deviation from non-isochronicity is OK. Simulation studies over limited parameter 
ranges have shown so far that the chicane must have R56 < 10% of that of a standard 4-dipole 
chicane  

• A design was developed at ASTeC* that meets R56 < 10% for the hard x-ray case shown here.  

• For standard non-isochronous chicanes, increase in coherence length over SASE limited to 
approximately  5 

• An alternative might be to use standard dipole chicanes with correction in occasional 
negative R56 delays – yet to be investigated.....   

• Electron Beam Stability 

• For isochronous delays, if beam energy jitters the FEL wavelength will change but delay 
remain  constant. This will destroy phase matching. 

• For hard x-ray parameters shown here, for the largest delay to remain phase matched to λ/4, 
electron beam energy must jitter relatively by less than 5  10-5     

*J. K. Jones et al., Proc. IPAC, TUPPP069 1759 (2012) . 56 



HB-SASE Summary 

• HB-SASE  
– May be an alternative or additional method for improving the 

longitudinal coherence of SASE FELs. 
– Requires no optics and could in principle work at any wavelength and 

repetition rate.  
– May enable generation of transform limited X-ray FEL pulses 
– Delocalises the collective FEL interaction and breaks the dependence 

of the radiation coherence length on the FEL cooperation length 
– Exhibits exponential growth of radiation coherence length 
– Can be adapted for ML-SASE: equal chicanes→ few-cycle pulse trains 

• Work so far based on some analysis and one-dimensional simulations (but 
HB-SASE is a longitudinal effect, which is well modelled in 1D) 

• Further study required to include 3D effects and full tracking through 
isochronous chicanes 
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CLARA – a new UK test facility 
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[Compact Linear Accelerator for 
Research and Applications] 



CLARA – a new UK test facility 
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[Compact Linear Accelerator for 
Research and Applications] 
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60 

To develop a normal conducting test accelerator able to generate longitudinally 
and transversely bright electron bunches and to use these bunches in the 

experimental production of stable, synchronised, ultra short photon pulses of 
coherent light from a single pass FEL with techniques directly applicable to the 

future generation of light source facilities.  
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Work In Progress 

EBTF 
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Work In Progress 

EBTF 
Now funded to 

150 MeV! 
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Thank You! 


