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X-‐ray	  FELs	  enable	  new	  science	  

…	  and	  this	  proposal	  seeks	  adding	  to	  XFELs	  new	  
func>onality	  customary	  for	  atomic	  lasers.	  
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A repeated waveform generates a spectral comb  
•  Mode spacing ωs=2π/T 
•  Number of modes:  M = ∆ω/ωs  
•  Linewidth of a mode ~ 1/N 

N >> 2 
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Cavity modes and frequency comb* 

* 
Courtesy B.W.J. McNeil 

ωΔ

Cavity with a round trip time = T

T T

Single pulse

•  ∆ω is defined by atomic linewidth or gain bandwidth 
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Spectral	  intensity	  

Applying	  Fourier	  >me	  shiDing	  iden>ty	  and	  summa>on	  	  	  

One	  obtains:	  
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When	  the	  axial	  modes	  are	  all	  in	  phase,	  then	  the	  >me-‐domain	  signal	  has	  a	  pulsed	  
paNern,	  closely	  resembling	  the	  comb	  structure	  of	  the	  frequency	  domain:	  	  

(equal	  field	  amplitudes	  are	  
assumed	  for	  simplicity)	  0 0
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Intensity,	  I(t)	  
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Modula>on	  at	  round	  trip	  frequency	  or	  gain	  modula>on	  causes	  mode-‐locking.	  	  
A	  periodic	  pulse	  structure	  of	  sufficiently	  short	  pulses	  can	  be	  obtained	  when	  
mode	  phase	  lock.	  ODen	  locking	  only	  neighboring	  modes	  is	  sufficient.	  



Only one optical cycle is shown 

Bunching Acceleration Modulation 
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• Electron beam after bunching at 
optical wavelength 

20-25 kA 

FEL gain modulation through peak current modulation* 

* A. Zholents, PRST-AB, 8, 040701(2004). 

Optical manipulation of electrons to obtain a “train” of microbunches 

Region with large peak current gives the dominant 
x-ray radiation synchronized to laser source 



Mode-locked FEL with electron time delays* 

lδ s
Radiation pulse 

Electron bunch 

* N.R.Thompson and B.W.J.McNeil, PRL, 100, 203901(2008); 
   E. Kur, et al., New Journal of Phys., 13, 063012(2011);  
   C. Feng, et al., Phys. Rev. ST – AB, 15, 080703(2012). 
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Courtesy B.W.J. McNeil 
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SASE	  FEL	  
spectrum	  

Mode-‐locked	  FEL	  
spectrum	  
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X-‐ray	  signal	  of	  
mode-‐locked	  FEL	  

Genera>on	  of	  mul>ple	  
frequency	  lines	  may	  enhance	  
the	  capability	  of	  FELs	  in	  some	  
specific	  applica>ons:	  
a)  transmission	  and	  

reflec>vity	  spectra	  of	  
various	  materials;	  

b)  resonant	  inelas>c	  x-‐ray	  
scaNering	  (RIXS);	  

c)  ab-‐ini,o	  phasing	  of	  
nanocrystals.	  



*)	  self-‐seeding	  idea	  by	  
Geloni,	  Kocharyan,	  Saldin	  

FEL	  spectrum	  
aBer	  
diamond	  
crystal	  

X-‐ray	  power	  
dist.	  aBer	  
diamond	  crystal	  
Monochroma*c	  
seed	  power,	  ωx	  

Wide-‐band	  
power	  

20	  fs	  

5	  MW	  

Use	  short,	  low-‐
charge	  bunch	  
to	  self-‐seed	  at	  
1.5	  Å	  (20-‐40	  pC)	  

seeded	  

e-	  dump	  

e-	  →	  

diamond	  

X-‐ray	  ESASE,	  1	  GW	  

x-‐ray	  

X-‐ray	  seed,	  5	  MW	   X-‐ray,	  	  100	  GW	  

ESASE	  Ipeak	  

t	   Courtesy	  P.	  Emma	  

Self-‐seeding	  is	  a	  new	  path	  to	  a	  mode-‐locked	  FEL*	  

*D.	  Xiang,	  et	  al.,	  Phys.	  Rev.	  ST-‐Accel.	  Beams,	  1050707(2012).	  

ωx	   ωx±nωx	  
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Linac-1 Linac-2

X

Bunch 
Compressor-1

Bunch 
Compressor-2

Linac-3

Dog-Leg 2
Linac-0

rf gun

10 period 
electromagnetic 
wiggler (~3 m)3 mJ Ti:Sapphire laser 

(3 W ave. power)

Chicane buncher 
R56 ~ 0.5 mm

Undulator

· · ·

New Components

Possible	  implementa*on	  at	  the	  LCLS	  

Schema>c	  of	  equipment	  addi>ons	  within	  current	  LCLS	  layout.	  	  
Items	  highlighted	  in	  cyan	  are	  the	  new	  components.	  

Bragg	  
backward	  
scaNering	  

Bragg	  
forward	  
scaNering	  

Example	  of	  
the	  seeding	  
field	  for	  the	  
proposed	  
system	  
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Possible	  implementa*on	  at	  the	  LCLS	  (2)	  

Nominal	  parameters	  used	  in	  simula>ons	   Wiggler	  magne>c	  field	  

Amplitude	  of	  energy	  modula>on	  



13	  

2 sin~ 15 fswaket
cd

θΛ
Δ ≈

Dura>on	  of	  the	  “wake”	  

Length	  over	  which	  the	  field	  is	  
reflected	  from	  the	  crystal	  ~	  23	  µm	  

Bragg	  angle	  ~	  54°,	  8	  keV	  x-‐ray	  

Diamond	  crystal	  thickness,	  100	  µm	  

Bragg	  reflec>on	  condi>on	  from	  the	  (004)	  atomic	  planes	  of	  diamond	  

Possible	  implementa*on	  at	  the	  LCLS	  (3)	  
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Possible	  implementa*on	  at	  the	  LCLS	  (4)	  

Single	  shot	  x-‐ray	  
power	  profile	  

Simula>on	  results	  

λL	  =	  0.8	  μm	   =8	  keV	  ωh

Three	  sta>s>cally	  independent	  
trials	  showing	  the	  fluctua>on	  
level	  due	  to	  SASE	  

Single	  shot	  x-‐ray	  spectrum	  



15	  

Using	  reflec>on	  from	  331	  atomic	  planes	  in	  diamond	  for	  7.6	  keV	  x-‐
rays	  leads	  to	  a	  seeding	  wake	  structure	  ≥	  50	  fs	  and	  ≥	  40	  fs	  long	  
bunch	  train*	  

Possible	  extension	  to	  a	  beSer	  mode-‐locked	  FEL	  

Single	  shot	  x-‐ray	  power	  
profile	  as	  before,	  but	  with	  
5	  >mes	  narrower	  spikes	  

Changing	  laser	  modula>on	  frequency	  
allows	  control	  over	  spike	  separa>on	  

*	  longer	  delay	  chicane	  than	  is	  presently	  available	  at	  the	  LCLS	  self-‐seeding	  
monochromator	  is	  required	  
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Summary	  

ESASE	   +	   self-‐seeding	   =	   mode-‐
locked	  FEL	  

1)	  

Linac-1 Linac-2

X

Bunch 
Compressor-1

Bunch 
Compressor-2

Linac-3

Dog-Leg 2
Linac-0

rf gun

10 period 
electromagnetic 
wiggler (~3 m)3 mJ Ti:Sapphire laser 

(3 W ave. power)

Chicane buncher 
R56 ~ 0.5 mm

Undulator

· · ·

New Components

2)	   	  Implementa>on	  of	  mode-‐locking	  at	  LCLS	  is	  possible	  
	  with	  minimal	  perturba>on	  to	  current	  opera>on	  
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Thank you for your attention 


