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Outline 
  Introduction 

•  NSLS and SASE 

•  Self Amplified  Spontaneous Emission  (SASE) – an efficient noise amplifier.   
•  Source Development Laboratory (SDL) 

  Beyond the SASE – fully coherent, compact and cheaper 
  Single-spike (coherent) SASE) 
  Seeded FEL amplifiers. 

  Beyond saturation – tapered undulator: 
  Efficiency improvement.    
  Spectra enhancement. 
  Transverse mode preservation. 

  Conclusion remark. 
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Free Electron Laser Configurations 

  Oscillator 
o  Fully coherent. 
o  Modest beam quality. 
o  Limited by the optics. 

•  Single-pass amplifier 
•  Seeded FEL amplifier. 

o  Direct amplification. 
o  Harmonic generation. 

•  SASE 
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• Tunability. 
• High power. 
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Major FEL Concepts and Mile-Stone 
Experiments @ NSLS  

  Harmonic (Murphy & Pellegrin, 1985). 
  Start up (J. Wang & L.H.Yu, 1986). 
  Universal Scaling (L.H. Yu et al, 1988). 
  HGHG (L.H. Yu,1991). 
  FEL Experiments: 
  TOK @ UV-ring (1980s). 
  HGHG: 2nd (1999), 3rd (2002) and 4th (2006). 
  VISA (2001). 
  Superradiance FEL (2006) 
  Tunability and FEL control (2006-2010). 
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P(z) = Po exp(z/Lgain) 
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(Nonlinear) 

Self Amplified Spontaneous Emission SASE 
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Evolution of FEL Pulses	



a b

Vg~ c superradiance 

Linear 

Lethargy 

•  Due to noise start-up, SASE is a chaotic light temporally with ML coherent 
modes (ML spikes in intensity profile) 

 
 
•  Its longitudinal phase space is ML larger than FT limit (rooms for improve!) 
 
•  Integrated intensity fluctuation:  

length coherence
lengthbunch ≈LM

Z. Huang, NSLS Seeded XFEL Workshop (2002). 
LMI

I 1=Δ
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Courtesy of S. Reiche (UCLA/PSI)"

Z=25 m Z=37.5 m Z=50 m 

Z=62.5 m Z=75 m Z=87.5 
m m 

Transverse Coherence 
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Realization of Saturated SASE 
  APS LEUTL 2001 
  NSLS VISA  
  NSLS SDL 
  DESY FLASH 
  SCSS @ Spring-8 
  Other places – SPARC, SDUVFEL? 
  SNAL LCLS 2009 



Brookhaven Science Associates 
U.S. Department of Energy 

  Saturation  of SASE FELs 
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S. Milton, et al, Science, 292, 2037-2041(2001).  
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VISA Experimental setup 
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Major Experimental Results From VISA 
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Undulator Gain Length Measurement at 1.5 Å:  3.3 m 

gex,y  ≈ 0.4 mm (slice) 
Ipk  ≈ 3.0 kA 
sE/E ≈ 0.01% (slice) 
(25 of 33 undulators installed) 
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SASE FEL
Monochromator

FEL Amplifier

Chicane
Shorter Pulse                 

Two-stage Pulse Slicing 

Narrow Spectrum 
Self-seeding  

Beyond SASE - Next Generation XFEL 

Seeded FEL Amplifier 
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NSLS SDL Facility 
300 MeV S-Band Linac  BNL Photoinjector IV 

Chicane Compressor Titanium Sapphire Laser 10 m NISUS Wiggler  
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High-brightness e-
 R&D 

PRL 

H. Qian et al,  to be published in APL 
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Ultrafast Science @ SDL 

Next Generation e- Source R&D 
• Thermal emittance studies. 
• Beam dynamics for space charge 
dominated beam.  
• Next generation BNL RF gun R&D. 

A Platform for Ultrafast Science 
• Strongly correlated electron materials. 
• Ultrafast Phase Transitions 
• Lattice Vibration Dynamics. 
• Warm Dense Matter. 
• Photo-reaction in Gas Phase. 
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Experimental Demonstration of Coherent SASE     
 @ the NSLS SDL 
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< =700 – 800 nm Coherent SASE: 
• Validate coherent SASE physics. 
• Verified the short pulse generation.  
• Sophisticated optical diagnostics.  

300 fs 150 fs 

Gun + Chicane 

S. Reiche, ELBA/NIM 2008 
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Expected Coherent SASE Performance 

e- parameters: 
Q: 100 pC 
σz  (rms): 120 fs 
ε: < 2 mm-mrad 

Coherent SASE: 
•  λ : 700 – 800 nm 
• σz (FWHM): 100 fs 
• E: ~ 10 µJ 
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Jolemeter 

FROG 

Spectrometer 

Experimental Set-up 
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Single spike SASE	
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Coherent SASE Spectral Evolution 
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Single spike SASE	
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Spectral Before and After the Saturation. 
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Single spike SASE - Mode	


Before Saturation After Saturation 
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85fs 

 11nm 

102fs 

9nm 

Transform Limited SASE Observation 
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 Laser Seeded FEL Amplifiers 

Laser or HHG Seed 

Modulator Dispersion Radiator λin/n 

Harmonic FEL 

  “High-Gain Harmonic-Generation Free-Electron Laser”, L.H. Yu et al, Science 289, 932 (2000). 
  “First Ultraviolet High Gain Harmonic Generation Free Electron Laser”, L.H. Yu et al, PRL 91, 074801-1 

(2003). 
  “The First Lasing of 193 nm SASE, 4th Harmonic HGHG & ESASE at the NSLS SDL”, X.J. Wang et al, 

Proc FEL06, 18 (2006).  
  Demonstration of the Echo-Enabled Harmonic Generation Technique for Short-Wavelength Seeded 

Free Electron Lasers, D.Xiang  et al. Phys. Rev. Lett. 105, 114801 (2010). 

  “First Operation of a Free Electron Laser”, D.A.G. Deacon et al., PRL 38, 892 (1977). 
  “Microwave Radiation from a High Gain Free Electron Laser Amplifier”, T.J. Orzechowski et al, PRL 

54, 889 (1985). 
  X.J. Wang et al., APL 91, 181115 (2007). 
  G. Lambert et al., Nature Physics 4, 296 (2008). 
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SDL laser seeded FEL 
Amplifier Detuning Experiment 

X.J. Wang et al., APL 91, 181115 (2007). 

SASE 

Laser Seeded 
FEL Amplifier 

Detuning: Electron beam energy 
deviates from the resonance: 

 
• FEL spectral is stable. 
 
• FEL efficiency mdoubled. 
 

Seed laser 

Wavelength (nm) 
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SASE FEL
Monochromator

FEL Amplifier

Chicane
Shorter Pulse                 

Two-stage Pulse Slicing 

Narrow Spectrum 
Self-seeding  

Beyond SASE - Next Generation XFEL 
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4th Harmonic HGHG @ NSLS SDL  

X.J. Wang, et. al. Proc. of FEL 2006, p.18 (2006).  
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Harmonic FEL Spectral Tuning 

~ 20% wavelength tuning was 
experimentally demonstrated.  
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Beyond Saturation: Tapering for Efficiency and Coherence Preservation  

!

Increased efficiency  
by 300%! 

NISUS Can Be Tapered! 

 Tapering is one of the key 
technologies to improve 
and preserve the FEL 
performance. 

X.J. Wang et al,  PRL 103, 154801 (2009). 
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FEL Spectrum: Experiment vs. Simulation for Uniform & 
Tapered Undulators 

!

Agreement between experiment 
 & simulation is very good. 

!

X.J. Wang et al,  PRL 103, 154801 (2009). 

M. Labat et al, PRL 103, 264801  (2009) 
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Transverse Mode Evolution of a FEL Pulse 
M2 is the quantity measuring the FEL beam mode contents (quality).    
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Transverse Mode Evolution of a FEL Pulse 

SASE FEL  

Exponential Gain Regime 

Laser Seeded FEL  

Saturation Regime 
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Transverse Beam Quality Improvement  

Uniform Undulator Tapered Undulator 

 
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Conclusion Remark 

80fs Superradiance 

PRL 

XUV Photochemistry 

PRL 

 Tapering is the key technology to improve and 
preserve the FEL performance beyond the 
saturation (both SASE and seeded FELs). 
 
Great progress made in seeded FEL amplifiers, 
more exciting results expected in next few years: 
• HHG seeding in soft X-ray. 
• Experimental demonstration of new schemes – self 
seeding, EEHG, HEHG... 
• Hard X-ray Oscillator FEL. 
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dipole chicane 
compressor 

photocathode 
electron gun 

S-band linac sections 

laser pulse 
~100 fs, ~100 -300Mev 

10ps 

Ultra-Short Electron Pulse Generation @SDL 

X.J. Wang et al,  Phys. Rev. E , 54, No.4, R3121 -3124 (1996). 
 

P. Piot et al, Phys. Rev. STAccel. Beams 6, 033503 (2003). 
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Cutting Edge Accelerator Science at the SDL  
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Ultrafast Electron Diffraction 

Molecule beam

C
C

D

e- beam

30-80 fs

BNL RF gun

Laser 

100 - 250 fs

BNL RF Gun 

Laser 
100-250 fs 



Brookhaven Science Associates 
U.S. Department of Energy 

Superradiance in a Short Pulse FEL Amplifier Beyond Saturation 

Input: 150 fs unchirped seed 

FROG Traces 

Time 

Frequency 
Output 

• Exp Gain Regime: BW shrinks 
as z-1/2 & pulse length grows 
• SupRad: Pulse length shrinks 
beyond saturation to ~ 80 fs 

E-beam ~ 1ps FWHM 

T. Watanabe et al, PRL 98, 034802 (2007). 
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