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Outline	  of	  the	  Talk	  

	  
	  

1)  The	  X-‐Ray	  Free-‐Electron	  Laser	  
	  
2)	  Research	  and	  Development	  AcKviKes	  on	  X-‐FELs:	  

	   	  -‐LCLS:	  mulKcolor/mulKbunch	  operaKon	  
	   	  -‐NLCTA:	  longitudinal	  space-‐charge	  amplifier	  

	  
3)	  Conclusions	  



The	  X-‐Ray	  Free	  Electron	  Laser	  

X-‐FEL	  shares	  properKes	  of	  convenKonal	  
lasers:	  
	  
-‐High	  Power	  (~	  100	  GW	  )	  
-‐Short	  Pulse	  (~5-‐100	  fs	  )	  
-‐Narrow	  Bandwidth	  (~0.1%	  to	  0.005%)	  
-‐Transverse	  Coherence	  



FEL	  R&D	  at	  SLAC:	  LCLS	  
Spectral	  ManipulaKon	  of	  FELs:	  
	  
-‐Self	  seeding	  (HXR	  and	  SXR)	  
-‐MulKcolor	  OperaKon	  
	  (split	  undulator,	  gain-‐modulaKon,	  	  
	  mulK-‐bunch	  mode)	  
-‐iSASE	  
	  
Temporal	  DiagnosKcs:	  
	  
-‐X-‐ray	  pulse	  reconstrucKon	  with	  	  
x-‐band	  deflector	  and	  coherent	  
radiaKon.	  

Photon	  Science	  User	  facility:	  
R&D	  mostly	  oriented	  towards	  
improving/expanding	  user	  
operaKon.	  
	  
IDEA	  -‐>	  	  
EXPERIMENTAL	  DEMONSTRATION	  -‐
>	  TRANSITION	  TO	  USER	  OPERATION	  



8	  

2	  Color	  Free-‐Electron	  Lasers	  
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2	  pulses	  with	  
	  
-‐tunable	  energy	  difference	  
	  
-‐tunable	  arrival	  Kme	  

Many	  applicaKons!	  
	  
-‐  x-‐ray	  pump/x-‐ray	  probe	  
-‐  2	  color	  diffracKon	  imaging	  
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Split	  Undulator	  Scheme	  

Split	  undulator	  in	  2	  parts.	  
	  
Use	  magneKc	  chicane	  to	  introduce	  delay	  
	  
Easy	  to	  tune!	  
	  
~1/10	  to	  1/5	  of	  SASE	  power	  
	  
Controllable	  delay	  up	  to	  40	  fs.	  

λ1,2 = λw
1+K1,2

2

2γ 2



2	  Color	  SASE	  vs	  Gain-‐ModulaKon	  
	  
Split	  undulator	  yields	  minimum	  delay	  of	  	  
2/3	  slippage	  length	  
	  
	  
	  
	  
	  
	  
At	  soi	  x-‐rays	  that’s	  	  	  ~	  a	  few	  fs	  
	  
For	  short	  pulse	  applicaKons	  it’s	  a	  real	  
problem!	  
	  

c	  vg	  <	  c	  

SoluKon:	  discretely	  modulate	  undulator	  
	  
	  
	  
	  
	  
	  
	  
2	  colors	  catch	  up	  to	  each	  other	  -‐>	  0	  delay!	  

λ1,2 = λw
1+K1,2

2

2γ 2



Experimental	  DemonstraKon	  

Epulse	  =	  18	  µJ	  
Tpulse	  =	  10fs	  
Ephoton	  =830	  eV	  
(~1/10	  of	  saturaKon	  power,	  consistently	  
with	  3-‐D	  simulaKons)	  
	  
	  	  	  	  



Two-‐Bunch	  xFEL	  
Photocathode 
Laser Pulse 

Adjustable 
delay stage 

Double 
Pulse 

Electron  
Gun 

Linac 

Few	  ps	  delay	  

Bunch 
Compressor 1 

Bunch 
Compressor 2 

Few	  fs	  delay	  
~1%	  energy	  separaKon	  

UNDULATOR 

Kme	   Kme	  

En
er
gy
	  

En
er
gy
	  

2-‐color	  
X-‐Rays	  

Splitter 

λ1,2 = λw
1+K 2

2γ 21,2



2	  Bunch	  Lasing	  
Already	  delivered	  to	  	  
4	  user	  experiments	  
	  
~	  3	  kA	  peak	  current	  
	  
Energy	  separaKon	  50	  MeV	  	  
(tunable	  parameter!)	  
	  
35	  fs	  peak	  to	  peak	  distance	  
(tunable	  parameter!)	  

Lasing	  at	  8.4	  keV	  
	  
Peak	  Power	  ~	  35	  GW	  	  
(comparable	  to	  standard	  
single	  color	  operaKon)	  
	  
Pulse	  duraKon	  ~15	  fs	  fwhm	  



2	  Color	  X-‐Rays:	  	  
X-‐Ray	  Pump/X-‐Ray	  Probe	  

Pulse	  2	   Pulse	  1	  

ScaJer	  detector	  

Courtesy	  of	  K.	  Ferguson	  

ΔT	  



Two	  Color	  X-‐FELs:	  MulK-‐Wavelength	  
Anomalous	  Dispersion	  

Two	  pulses	  ~	  simultaneous	  	  

1st	  pulse:	  tuned	  above	  absorpKon	  edge	  -‐>	  Does	  not	  diffract	  off	  of	  
	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  heavy	  atoms	  

2nd	  pulse:	  below	  absorpKon-‐edge	  -‐>	  Diffracts	  off	  of	  all	  atoms	  
	  
De	  novo	  phase	  reconstrucKon	  from	  the	  two	  split	  diffracKon	  
paJerns…	  

Sample	  
(nano-‐crystal)	  

DiffracKon	  	  
PaJern	  



FEL	  R&D	  at	  SLAC:	  NLCTA	  
Laser-‐Electron	  interacKon:	  
	  
-‐Echo	  enabled	  harmonic	  generaKon	  
-‐Orbital	  angular	  momentum	  in	  FELs	  
-‐Coherent	  diffracKon	  imaging	  of	  
microbunched	  beams	  
	  
CollecKve	  instabiliKes	  in	  high-‐
brightness	  beams:	  
	  
-‐Cascaded	  longitudinal	  space-‐charge	  
amplifier	  

120	  MeV	  test	  accelerator:	  
R&D	  oriented	  towards	  manipulaKon	  
of	  electron	  beams	  for	  advanced	  
seeding	  schemes.	  



-Inexpensive (short undulator) 
 
-Alternative to FEL for 
broadband (e.g. attosecond 
pulses) 
 
-Can be used for coherent 
electron cooling 
 

Magnetic
Chicane

Focusing 
Channel

Enhanced
Microbunching

Premodulated 
Electron Beam

Magnetic
Chicane

Focusing 
Channel Undulator

Coherent 
Undulator 
Radiation

The	  Longitudinal	  Space-‐Charge	  
Amplifier	  



6-‐Dimensional	  Theory	  of	  Space-‐Charge	  
InteracKons	  

Plasma-‐Betatron	  
Beatwaves	  

Suppression	  of	  higher	  
order	  modes	  from	  
betatron	  moKon	  

Analysis	  of	  space-‐charge	  
interacKons	  in	  terms	  of	  plasma-‐

waves	  
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where ⌃2
p = n0e2/⇥3m⇤0 is the relativistic beam plasma frequency and f0⌅ = e
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� . Equation (6) is an

eigenvalue integral equation which has to be solved in ⌃ and Ez(⌥x), its solutions are the eigenvalues and eigenmodes
of the plasma oscillation problem. The resulting electric field Ez = Ez(⌥x)eikzz�i⌃⇧

c describes a wave that propagates
in the longitudinal direction (either backwards or forward depending on the relative signs of ⌃ and kz) with a fixed
transverse profile.

III. UNIVERSALLY SCALED DISPERSION EQUATION

The dispersion relation in Eq.(6) can be expressed in terms of four dimensionless scaling parameters. We give the
following definitions:

D = kz⇧x/⇥ is the 3-D parameter, which accounts for edge e⇤ects due to the finite size of the beam. To understand
intuititively how edge e⇤ects a⇤ect the plasma dynamics, we recall that the single-particle longitudinal electric field,

in the frequency domain, can be expressed as: Esp(⌥x) = �ikze
2⇧⇥2⇤0

K0

�
kz|�x|
⇥

⇥
. The single particle field tends to zero

exponentially as a function of k|⌥x|/⇥ for k|⌥x|/⇥ > 1. For D >> 1, then, edge e⇤ects can be neglected since the
electrons in the center of the beam are not a⇤ected by the field generated by those at the edges, whereas for D << 1
the system is dominated by edge e⇤ects;

K⇥ = kzc⇧⌅/⌃p⇥2 is the energy spread parameter and corresponds to the ratio of the longitudinal wave-number
kz to the Debye wave-number associated to energy spread. This parameter can be interpreted as the ratio of the
longitudinal thermal displacement in a plasma period to the wavelength 2⌅/k. If K⇥ << 1 thermal motion due to
energy spread is negligible on the time-scale of a plasma oscillation and the e⇤ects of energy spread can be neglected;

K⇤ = kzc(k�⇧x)2/2⌃p is the emittance parameter and it corresponds to the ratio of kz to the Debye wave-number
associated to emittance. K⇤ has a similar physical meaning as K⇥ , with longitudinal thermal motion being induced
by transverse emittance instead of energy spread;

K� = k�c/⌃p is the focusing parameter. IfK� << 1 transverse motion due to focusing is negligible on the time-scale
of a plasma oscillation and the electron dynamics can be considered transversely laminar, we will thus refer to this
limit as the laminar beam limit. In the opposite limit (K� >> 1) particles perform several betatron oscillations in a
plasma period and transverse motion cannot be neglected, we will denote this condition the high betatron frequency
limit.

Finally the mode oscillation frequency is normalized to the plasma frequency as ⇥ = ⌃/⌃p. The resulting universally
scaled dispersion relation is then:

⇤
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2 �i�TEz( ⌥X cosK�T + ⌥B sinK�T )F0⌅dTd
2 ⌥B (7)

where F0⌅ = (k�⇧x)2f0⌅ and we have introduced the following scaled variables: T = ⌥p⌃
c , ⌥X = ⌥x/⇧x, ⌥B = ⌥�⌅/k�⇧x.

Finally by changing the integration variable in the d2 ⌥B integral to ⌥X ⇥ = ⌥B sinK�T + ⌥X cosK�T , we get:
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with:
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2 sin2 K�T

2⌅ sin2 K�T
dT. (9)

Solution of Eq.(9) gives the eigenmode Ez and the scaled oscillation frequency ⇥ in terms of the four scaling paramters
D,K� ,K⇥ and K⇤. In the following sections we will find solutions to the dispersion relation and derive some of its
relevant limiting forms.EmiJance	  induced	  anisotropic	  

Landau	  damping	  
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3	  chicanes	  +	  10	  period	  undulator	  
R56	  =	  4mm,	  2.5mm,	  1.5	  mm	  

Microbunching	  gain	  confined	  to	  
leading	  peak	  containing	  ~20%	  charge…	  
Local	  microbunching	  gain	  ~	  15000	  
	  
Single-‐spike	  from	  compression:	  
-‐short	  leading	  current	  peak	  
	  
	  

Moderate	  
compression	  

High	  
Compression	  

Experimental	  DemonstraKon	  	  
@	  OpKcal	  Wavelengths	  
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Conclusions	  	  
1)	  Despite	  being	  a	  well	  established	  experimental	  
tool,	  research	  on	  X-‐FELs	  is	  sKll	  very	  acKve.	  
2)	  Two-‐color	  X-‐FEL	  schemes	  are	  now	  operaKonal	  
or	  at	  very	  advanced	  stage	  of	  development	  
3)	  More	  forward	  looking	  experiments	  at	  NLCTA	  
are	  opening	  new	  avenues	  for	  ultra-‐fast	  science.	  


