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“…one is forced to have high gain, i.e. to use electron beams with large 
peak current, and at the same time small emittance and energy spread.  
The road to an X-ray FEL requires the development of electron 
beams with unprecedented characteristics.” 

The challenge: 
 Maximize the number of photons/electron/unit 

time 

The solution: Free Electron Lasers 
The LCLS Proposal 1992 



From Ring to Linac 

εx ~ γ 2/C3 

εx ~ 1/γ 

Linac	
  Storage	
  ring	
  

!   Higher energy è higher 
transverse emittance 
(overcome by larger 
circumference) 

!   Large longitudinal emittance 
(è bunch length 10 ps, energy 
spread 0.1%) 

 

(γ  is e- energy, C is circumference) 

! Emittance decreases with 
increasing energy 

!   RF guns produce very low 
emittance beams 

 
!   Small longitudinal emittance  

 (è High peak current, bunch 
length 100 fs, energy spread 
0.01%) 

 

(R. Sheffield et al., LANL, 
…D. Dowell et al., SLAC)  

+ RF photocathode gun 



Coherent Synchrotron Radiation 
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FEL Principles 

!   Due to sustained interaction, some electrons lose energy, 
while others gain è energy modulation at λ1 

!   e- losing energy slow down, and e- gaining energy catch up 
è density modulation at λ1 (microbunching) 

! Microbunched beam radiates coherently at λ1, enhancing 
the process è exponential growth of radiation power 

λu 

e-	


λ1 x-ray	



!   Electrons slip behind EM wave by λ1 per undulator period (λu) 

Z. Huang 
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!   Resonant interaction of electrons  
 with EM radiation in an undulator^ 

 

Free Electron Laser (FEL) 

!   Coherent radiation intensity ∝ N2 

due to beam microbunching  
 (N: # of e- involved ~106 to 109) 

λ1 

S. Reiche 

!   At x-ray wavelengths, use Self-Amplified Spontaneous Emission* 
(a wonderful instability!) to reach high peak power 

* Kondradenko, Saldin, Part. Accel., 1980 
* Bonifacio, Pellegrini, Narducci, Opt. Com., 1984 ^ J. Madey, J. Appl. Phys., 1971  



spikes	
  appear	
  in	
  temporal	
  pulse	
  

coherence	
  
length:	
  	
  lc 
≈ λ1/2ρ	



Frequency	
  Spectrum	
  

spectral	
  spike	
  
width:	
  
≈ λ1/Δz	
  

Bandwidth	
  
2ρ ≈ 0.1% 

spikes	
  also	
  in	
  spectrum	
  

SASE Temporal and Spectral Pulse 

Temporal	
  Pulse	
  

Δω/ω0 (10-3) 

Δz	
  =	
  1	
  fs	
  :	
   	
  λ1/Δz	
  ≈	
  5×10-4	
  

Δz	
  =	
  100	
  fs	
  :	
   	
  λ1/Δz	
  ≈	
  5×10-6	
  

Δz/c (fsec) 

λ1	
  =	
  1	
  Å,	
  	
  ρ	
  ≈	
  5×10-4,	
  	
  lc	
  ≈	
  0.2	
  fs	
  

Pulse	
  Length	
  
Δz ≈ 100 fs 
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H.-D. Nuhn, 
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Free-
Electron 
Lasers 
represent a 
huge 
technical 
advance with 
1010 increase 
of peak 
brightness, 
coherent x-
rays, and 
femtosecond 
pulses at 
Angstrom 
wavelengths 
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  LCLS	
  

PETRA-­‐III	
  

3rd Gen. Source 

2nd Gen. Source 



Photon beam characteristics 

AmpGeVsat IEP ρ≅ ~ GWs 

•  Short pulses: fs to as 
•  ‘Full’ transverse coherence 
•  High field strengths 

•  Unmatched peak brilliance 

•  High peak power 



The	
  FLASH	
  FEL	
  at	
  DESY	
  (Hamburg,	
  Germany)	
  
!   10	
  years	
  of	
  FEL	
  

opera3on	
  (100	
  -­‐	
  4	
  nm)	
  
!   Development	
  of	
  FEL	
  

science	
  &	
  technology	
  
!   Many	
  experienced	
  

people	
  now	
  at	
  LCLS	
  



PRL 1998 

Science 2001 

Nature Photon. 2010 

LCLS: First Hard X-Ray Laser 
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Elettra – Sincrotrone Trieste 

ELETTRA Synchrotron 
Light Source: 
up to 2.4 GeV, top-up mode,  

FERMI Free Electron Laser: 
100nm to 4 nm (HGHG) 

Sponsored by  
Italian Minister of University and Research (MIUR) 
Regione Auton. Friuli Venezia Giulia 
European Investment Bank (EIB) 
European Research Council (ERC) 
European Commission (EC) 



SwissFEL 

More X-ray Lasers 

more to come: 
PAL-XFEL (2015) 
SwissFEL (2016) 
LCLS-II (2019) 
… 
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European XFEL ~ 2016 

740 m 

3400 m  



!   	
  Seeding	
  (precise	
  color	
  and	
  higher	
  brightness)	
  
!   	
  Terawa\	
  FEL	
  (higher	
  intensity)	
  
!   	
  Novel	
  undulators	
  for	
  SR	
  and	
  FEL	
  
!   	
  Electron	
  Beam	
  genera3on	
  and	
  manipula3on	
  
!   	
  X-­‐ray	
  beam	
  sharing	
  and	
  manipula3ons	
  
!   	
  Femtosecond	
  and	
  a\osecond	
  x-­‐rays	
  
!   	
  Two-­‐color	
  FEL	
  (pump-­‐probe)	
  
!   	
  High-­‐rate	
  and	
  con3nuous	
  wave	
  opera3on	
  
!   	
  X-­‐ray	
  FEL	
  oscillators	
  
!   	
  Advanced	
  accelerators	
  for	
  compact	
  XFELs	
  
!  …	
  
	
  

R&D for a Bright Future 



Options for X-Ray Free Electron Lasers 

Introduction to the Physics of Free Electron Lasers Kwang-Je Kim (ANL) and Zhirong Huang (SLAC) 

LCLS USA 
SACLA Japan 
FLASH Germany 
XFEL Germany 
SWISSFEL Switzerland 
PAL FEL Korea 

FERMI Italy 
FLASH-II Germany 
HXRSS LCLS 

Proposal ANL USA 

E
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FEL-1 at Elettra: High Gain Harmonic 
Generation 

Modulator 
Radiator Dispersive section 
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FEL-2 at Elettra: fresh bunch double 
cascade 

1)	
  Seeding	
  is	
  done	
  at	
  260	
  nm	
  with	
  an	
  external	
  laser	
  
interac3on	
  only	
  with	
  the	
  tail	
  of	
  the	
  electron	
  beam.	
  

2)	
  The	
  seeded	
  part	
  of	
  the	
  e-­‐beam	
  
emits	
  FEL	
  radia3on	
  at	
  32.5	
  nm	
  

3)	
  Using	
  a	
  magne3c	
  
chicane	
  the	
  electrons	
  
are	
  delayed	
  with	
  
respect	
  the	
  FEL	
  pulse	
  

4)	
  The	
  FEL	
  pulse	
  is	
  then	
  
used	
  as	
  a	
  seed	
  in	
  the	
  head	
  
part	
  of	
  the	
  electron	
  beam	
  

5)	
  FEL	
  at	
  the	
  final	
  wavelength	
  is	
  produced	
  by	
  the	
  head	
  of	
  the	
  beam	
  	
  



“Seeded FEL Concept Possible  application  of X-ray  optical  elements  for reducing  the spectral  bandwidth  
of  an X-ray  SASE  FEL”  J.  Feldhaus  ‘*I, E.L.  Saldin  b, J.R.  Schneider  a, E.A.  Schneidmiller  b, M.V.  
Yurkov  Opt. Comm. 140, 341 (1997) 

chicane 

electron 

1st undulator 2nd  undulator 

SASE FEL 

grating 

Seeded FEL 

grazing 
mirrors 

slit 

electron 
dump 

FEL 

Seeded FEL Concept  



seeded	
  

U1-U15 
(60 m) 

U17-U33 
(68 m) 

gas 
detector 

spectrometer 

e- dump 

2.5 mm 

e- → 

diamond 

14 GeV 1 GW 

x-ray 

5 MW 5-20 GW 

Geloni,	
  Kocharyan,	
  
Saldin	
  (DESY	
  10-­‐133)	
  

Notched	
  FEL	
  
x-­‐ray	
  
spectrum	
  
aUer	
  
diamond	
  
crystal	
  

X-­‐ray	
  power	
  dist.	
  
aUer	
  diamond	
  
crystal	
  

MonochromaXc	
  
seed	
  power	
  

Wide-­‐band	
  
power	
  

20	
  fs	
  

5	
  MW	
  

Use	
  10-­‐fs	
  bunch	
  
(low	
  charge)	
  to	
  
self-­‐seed	
  1.5	
  Å	
  
(20-­‐40	
  pC)	
  

Self-Seeding Scheme @ LCLS  

SASE	
  

chicane, U16 
(4 m) 

Bragg reflected x-rays 

10-5	
  



@ 8.3 keV photon 
energy  

20 eV 
SASE spectrum (diamond OUT) 

Factor of 40-50 BW reduction 

diamond IN 
A well 
seeded 
pulse 

SASE 

Seeded 

0.45 eV 
(5×10-5) 

0.45 eV 

chicane OFF  

chicane ON 
J. Amann et al., Nature 
Photon., 2012  

Corresponds to 
Fourier Transform 
limited pulse of 5 fs  
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Soft X-ray Self-Seeded (SXRSS) 
Concept 

wire 

BOD YAG 

YAGSLIT 

Sapphire 

chicane 

e- 
1st undulator 2nd  undulator 

SASE FEL  
6-8 undulators 

grating 

Seeded FEL 
22 undulators M1 

slit e- 

X-rays 
1uJ 

M2 

M3 

shot noise SASE bunching shot noise Seeded bunching 

1nJ B
O

D
10 

B
O

D
13 

Y. Feng et al., FEL12, Nara, Japan, 2012. 
D. Cocco et al., Proc. SPIE, 2013. 
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SXRSS Commissioning 
HXRSS 

SXRSS 

1 optical component 

5 optical components and 2 diagnostics 
chicane 

e- 
1st undulator 2nd  undulator 

SASE FEL  
6-8 undulators 

grating 

Seeded FEL 
22 undulators M1 

slit e- 

X-rays 
1uJ 

M2 

M3 

1nJ B
O

D
10 

B
O

D
13 



−3000 −2000 −1000 0 1000 2000 3000
0

1

2

3

4

5 x 104

Relative photon energy (meV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

 

 

−3000 −2000 −1000 0 1000 2000 3000
0

1

2

3

4

5 x 104

Relative photon energy (meV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

 

 

SXRSS at LCLS: 29-July-2014 

Seeding, 50fs (foil) 

SASE, 50fs (foil) 

SASE, 100fs 

(Undulators 10-25 inserted for seeding) 

5x  
brighter 

3x  
brighter 

E=930 eV 



High	
  
Power	
  

Short	
  
Pulse	
  

Tunability	
  
up	
  to	
  
1-­‐2%	
  

Narrow	
  
Bandwidth	
  

Tunability	
  
Within	
  
SASE	
  

Tunable	
  
Delay	
  

A Tale of Two Bunches 

2-bunch Users’ wish list 

2 bunch SASE 
2 bunch Self-Seeding 
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Yaw Angle gives Two-Color Hard X-ray Seeding  
at Any Energy 

•  Rules:	
  
•  All	
  odd	
  or	
  even	
  
•  If	
  even,	
  sum	
  =	
  n*4	
  

•  Colors:	
  	
  
•  indices	
  family	
  

•  Line	
  styles:	
  
•  In-­‐plane:	
  
•  __	
  posi3ve:	
  [a	
  a	
  b]	
  
•  -­‐-­‐-­‐	
  nega3ve:	
  [-­‐a	
  -­‐a	
  b]	
  

•  -­‐.-­‐	
  Out-­‐of-­‐plane:	
  
•  	
  	
  	
  	
  [a	
  b	
  c]	
  with	
  a	
  ≠	
  b	
  

[1	
  -­‐1	
  1]	
  

[-­‐1	
  1	
  1]	
  

[-­‐1	
  -­‐1
	
  1]	
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Reflection pair: 
[-3 -1 1], [-1 -3 1] 
 
pitch angle: 60.5º 

Seeding Chicane Side View 
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Double Bunch Scheme 

-Generate 2 bunches @ cathode 
-Accelerate and compress 
-2 color lasing in undulator  

Advantages: 
 
-    FULL SATURATION POWER 
-  SELF-SEEDING 
-  TEMPORAL DIAGNOSTIC 

WITH XTCAV 
 A. Marinelli et al. 
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Experimental Results at 8.4 keV 

Measured Phase-
Space 

Reconstructed x-ray 
temporal profile 
(high comes first…) 

Time delay variable up to 
~100 fs 
 
(independently of energy 
separation and individual 
pulse duration!) 

~50 GW peak power 
1.2 mJ pulse energy 



SASE and Seeded at 8.4 keV 

Max energy separation  
~ 1.5 % at HXR 
~3-4 % at SXR 
 
 
 
 
 
 
 
 
 
 
Seeded pulse energy  
~ 130 uJ 
(but double the spectral 
brightness…).  



Small Delay Setup 

Time delay is tipycally variable 
independently of energy separation 
AND pulse duration. 
 
 
Image shows a phase-space for a 
MAD experiment, where small time 
delay is a crucial feature… 



X-band Transverse Cavity (XTCAV) 

Y. Ding et al., PRSTAB, 14, 120701 (2011) 



X-band transverse cavity (XTCAV)  
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HXR examples: 150pC  9.6keV 

2.9 mJ 



10 consecutive shots (1keV, 150pC) 
U33 

It is important to analyze every shot at 120 Hz. 



20pC, 1keV examples 
Lasing off Lasing on 

X-rays 

4.5 fs 

Correcting for resolution yields 2.6 fs FWHM 

electrons 



!   	
  Seeding	
  (precise	
  color	
  and	
  higher	
  brightness)	
  
!   	
  Terawa\	
  FEL	
  (higher	
  intensity)	
  
!   	
  Novel	
  undulators	
  for	
  SR	
  and	
  FEL	
  (polariza3on	
  
control	
  FERMI	
  a	
  Ele\ra)	
  

!   	
  Electron	
  Beam	
  genera3on	
  and	
  manipula3on	
  
!   	
  X-­‐ray	
  beam	
  sharing	
  and	
  manipula3ons	
  
!   	
  Femtosecond	
  and	
  a\osecond	
  x-­‐rays	
  
!   	
  Two-­‐color	
  FEL	
  (pump-­‐probe)	
  
!   	
  High-­‐rate	
  and	
  con3nuous	
  wave	
  opera3on	
  
!   	
  X-­‐ray	
  FEL	
  oscillators	
  
!   	
  Advanced	
  accelerators	
  for	
  compact	
  XFELs	
  
!  …	
  
	
  

R&D for a Bright Future 



Thanks to (among others) 

John Galayda, Paul Emma, Zhirong Huang, 
Yuntao Ding, Agostino Marinelli, Claudio 
Pellegrini, Daniel Ratner, LCLS team, SACLA 
team, Elettra Team …   


