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Motivation 

•  Outline of lecture 1 

1.  Frontiers in ultrafast x-ray science 

2.  What is a Free Electron Laser? 

3.  1-D FEL theory 
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The speed of things – the smaller the faster 

atoms 

“electrons” 
 & “spins” 

macro 
molecules 

molecular  
groups 

optical laser pulse 

The technology gap 
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 The world of x-rays 
nanoscale dynamics 
   smaller & faster 

 Fundamental 
 Timescales 

 Operational 
 Timescales 

The	
  new	
  science	
  paradigm:	
  	
  
Sta3c	
  nanoscale	
  “structure”	
  plus	
  its	
  dynamic	
  “func3on”	
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Because of their size, atoms and “bonds” can change fast 
 

but how do systems evolve?  key areas of interest: 
 

equilibrium  
(“structure”, phase diagram of a system T, P …)  

 
close to equilibrium  

(operation or function of a system, e.g. current flow) 
 

 far from equilibrium  
(transient states after excitation, e.g. chemical reaction)  

  
far-far from equilibrium  

(transient states after extreme stimulus, e.g. a plasma)  

 
 
 

Important areas in ultrafast science 
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Small angle x-ray scattering shows inhomogeneity  

Disordered soup Ice like clusters 

Components probably dynamic – form and dissolve
        -  can we take an ultrafast snapshot??

“Equilibrium”: What is the structure of water? 
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•  How do we control materials and processes 
at the level of electrons? 

•  How do we design and perfect atom-and  
energy-efficient synthesis of new forms of  
matter with tailored properties? 

•  How do remarkable properties of matter emerge 
from complex correlations of atomic and electronic 
constituents and how can we control these 
properties? 

•  Can we master energy and information on the 
nanoscale to create new technologies with 
capabilities rivaling those of living systems? 

•  How do we characterize and control matter away 
—especially very far away—from equilibrium? 



MePAS 2015, Guanajuato, 11-21 November 2015

We are entering a “Diamond Age” 

8

From the DOE/BES report: Directing Matter and 
Energy: Five Challenges for Science and the 
Imagination 
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Underlying questions from the electronic to the 
mesoscale 

How do nanoscale components 
assemble into functional 
groupings & can we control 
this? 

How can we describe correlated 
electronic degrees of freedom and 
nuclear displacements in systems like 
multi-electron catalysts? 

O2 Evolving Catalyst: 
Mn4CaO5 

How do new material properties 
emerge from mesoscale ordering &  
dynamic coupling of  
charge, spins,  
& phonons? 

charge 

spin 

orbital 

lattice 
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Fundamentals of X-ray absorption by matter 

K-shell energies from 100 
eV-25 keV 

Carbon K-edge at ~280 eV 
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Diffraction pattern requires enhancement from a crystal 
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Diffraction data Electron density Molecular model of  protein 
suggests its function 

Protein crystal 

In 1980s synchrotron x-rays revolutionized macromolecular crystallography 

•  Protein structure has allowed the developments of drugs 

•  However, synchrotron studies limited to large (> 5 microns)  crystals 

•  Data for smaller crystals limited  by x-ray beam damage  

      

Studies of nanocrystals at X-FELs leads to a new paradigm 

conventional method 

A new Paradigm in Macromolecular Crystallography 
     “beating the speed of sound with the speed of light”  
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Molecular Movies: X-ray Pump-Probe Techniques 

An input x-ray, optical, or THz pump can 
initiate an electronic or molecular motion. 
The x-ray probe measures the structure 
some time later. 

Requires precision synchronization of 
pump and x-ray pulse.  
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The dream of imaging single molecules! 

… or at least really really small crystals: nanocrystallography 

Single molecule 

X-rays 

Diffraction pattern 
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John Madey, 1971 
The Free Electron Laser 

Enter the FEL 
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What is an FEL? 

21 

A beam of relativistic electrons co-propagating with an optical field 
Through a spatially periodic magnetic field 
•  Undulator causes transverse electron oscillations 
•  Transverse electron velocity couples to E-component (transverse) of 

optical field giving energy transfer 
•  Interaction between electron beam and optical field causes 

microbunching of electron beam on scale of radiation wavelength, 
leading to coherent emission of radiation 

EM field can be external imposed 
OR it can be the incoherent 
synchrotron radiation from the 
beam 
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Two types of FELs 

22 

AMPLIFIER (HIGH GAIN) FEL  
•  Long undulator (no optical cavity *) 
•  Spontaneous emission from start of undulator interacts with electron beam.  
•  Interaction between light and electrons grows, producing microbunching  
•  Increasing intensity gives stronger bunching, yielding stronger emission  
•  High optical intensity achieved in single pass (SASE) 
 
 
OSCILLATOR (LOW GAIN) FEL  
•  Short undulator 
•  Spontaneous emission trapped in an optical cavity 
•  Trapped light interacts with successive electron bunches leading to 
•  microbunching and coherent emission 
•  High optical intensity achieved over many passes 
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FELs can be small…. 

23 

FELIX Facility, Rijnhuizen, The 
Netherlands 
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Or big! 
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Laser Components 

1.  Energy Source (e.g. flashlamp)  
2.  Radiation Source (electronic transition) 
3.  Wavelength Selection (gain medium):  
4.  Gain (oscillator cavity) 

Gain Medium 

Energy source 

Cavity 

Components of a laser 

What makes a conventional laser special? 
1.  Spatial coherence 
2.  Temporal coherence (narrow bandwidth) 
3.  High brightness (flux/phase space area) 
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Free Electron Laser Basics: 
Radiation Source 

•  Bending high energy electrons è X-rays 

•  Modern light sources use Undulators: 

Synchrotron Radiation 

N S N S N S N S 

N S N S N S N S 

e- 
X-rays 
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Free Electron Laser Basics: Resonant 
Condition 

Resonant condition 
–  Electron slippage selects one radiation wavelength 

λu 

N S N S N S N S 

N S N S N S N S 

e- 
X-rays 

x 

z 

K/γ

λu 

λX−rays
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Free Electron Laser Basics: 
Resonant Condition 

Slippage from difference in speed: 

Δzspeed = λu(1−β)

⇒Δzspeed ≈
λu
2γ 2

Δz

X-rays 

Electrons 

28 

β ≡ v / c γ 2 =1/ 1−β 2( )
⇒ β ≈1−1/ 2γ 2

Relativity review: 

e- energy =  γmec
2
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Free Electron Laser Basics: 
Resonant Condition 

Slippage from length of path: 
Δzpath = Le− − LX−ray

Δzpath

LX−ray = λu (One period) 

K/γ

Le− = 1+K/γ cos kuz( )
0

λu∫ ≈ λu 1+
K 2

4γ 2
$

%
&

'

(
)Geometry  

review: 

⇒Δzpath = λu
K 2

4γ 2
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Free Electron Laser Basics: 
Resonant Condition 

Total slippage:  
(approximately) sum of path and speed effects 

Δzpath = λu
K 2

4γ 2

Δzspeed =
λu
2γ 2

Δz = λu
2γ 2

1+ K
2

2
"

#
$

%

&
'

λ =
λu
2γ 2

1+ K
2

2
!

"
#

$

%
&x 

z 

K/γ
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Free Electron Laser Basics: 
Gain 

High Gain FEL: single pass for electrons 
No mirrors, no cavity 
LCLS uses ~3000 periods 

 33 sections undulators, 130 m γ

e-
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Incoherent Bunch 

Coherent Bunch 

Microbunching 

λ

σ

erad NP ∝

2
erad NP ∝

2
erad NP ∝

Radiation and bunching 

Free Electron Laser Basics: 
Gain 
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Intro to FEL Theory 
•  Simulation of an X-ray FEL 
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Intro to 1D FEL Theory 

Time for recap… 

1.  GeV electron beam is energy source and lasing medium 

2.  Undulators produce radiation 

3.  Resonant condition selects single wavelength 

4.  Microbunching occurs in a single pass 

5.  Brightness increases by factor of 10 billion! 
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Electron energy   η=(γ-γ0)/γ0 
 
Electron phase  θ=(kr+ku)z-ωrt 
 
X-ray amplitude   Ε=|ΕX-ray| 

! describe evolution of 3 variables 

Intro to 1D FEL Theory 

Goal: solve for exponential X-ray growth 
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Intro to 1D FEL Theory 

Electron energy   η=(γ-γ0)/γ0 

= θ + π/2

dη
dz

=
eEK
γ 2mc2

cos kuz[ ]cos kz−ωt +φ[ ]

=
eEK
2γ 2mc2

cos (k + ku )z−ωt +φ[ ] + ...

Electron trajectory 

K/γ

Instantaneous change 
in energy: 

X-ray polarization 
e- 

36 

Coupling between x-rays 
and electron trajectory X-ray amplitude 
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Intro to 1D FEL Theory 

Electron energy   η=(γ-γ0)/γ0 

dη
dz

=
eEK
2γ 2

cos θ +π / 2[ ]

Electron trajectory 

K/γ

Instantaneous change 
in energy: 

Position in accelerator ~ time 

Position in the bunch 
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Free Electron Laser Basics: 
Resonant Condition 

Undulator harmonics 

fundamental 

second harmonic 

third harmonic 

-ΔE -ΔE -ΔE … 

-ΔE +ΔE -ΔE … 

-ΔE -ΔE -ΔE … 
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dη
dz

= χ1E sinθ

Intro to 1D FEL Theory 

Electron energy   η=(γ-γ0)/γ0 

 (planar undulator) 

dη
dz

=
eEK
2γ 2

cos θ +π / 2[ ]

Instantaneous change: Wiggle averaged change: 

-ΔE -ΔE -ΔE … 
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Intro to 1D FEL Theory 

Dispersion in accelerators 

Electron phase  θ=(kr+ku)z-ωrt+π/2 

N S N S N S N S 

N S N S N S N S 

e- 

λ =
λu
2γ 2

1+ K
2

2
⎛

⎝
⎜

⎞

⎠
⎟x 

z 

K/γ
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•  The current creates an EM field (or adds to an external 
field) 

 

•  Therefore the beam can couple to itself non-
linearly to begin bunching the beam 
– Bunching comes from the non-linear terms in the 

pendulum equation  
•   Fields ==> Acceleration ==> Radiation ==> Fields ==> Acceleration ==> Radiation 

==> Fields ==> Acceleration ==> Radiation ==> Fields ==> ETC 
•  This description is the pendulum model of the 

free electron laser 

€ 

dA
dt

= −J e− ix
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•  The equation of motion for individual electrons in an EM-field: 

•  Is coupled to the wave equation for the electromagnetic field. 

•  Non-dimensional parameters, A and J, are proportional to the optical field 
strength and the current density, respectively.  
–  The current density, J, determines the rate of change of the laser field, A.  
–  The EM field phase, φ, is the phase of the complex scalar, A.  
–  The electron phase, x, with respect to the EM and wiggler field is  

    x = (kw-k) z - ωt. 
 

€ 

d  2x
dt 2 = A sin(x +ϕ)

€ 

dA
dt

= −J e− ix

A simulation will show us the bunching & signal growth
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Ex. 1) Turn off the coupling: J = 0 
Synchrotron oscillations in the rf-bucket 

http://webphysics.davidson.edu/applets/felpart/felode.html 
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Bunching comes from the non-linearity  
of the pendulum equation 
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As particles radiate the separatrix grows 
and bunches the beam 
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The FEL can start spontaneously 
from incoherent synchrotron radiation 
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The optical field  

grows exponentially to saturation 

The beam has lost energy to the field 
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FEL Optical field grows exponentially  
Exponential growth until saturation

LG0 =
λu

4π 3ρ

PX−rays = ρPe−

L = λu/ρ

(Gain length) 

(Power) 

(Saturation length) 

48 
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Each slice lases 
independently! 

 

SASE FELs start growth from shot 
noise 

Different slices don’t communicate  

Upshot: SASE FELs have 
complicated temporal structure 

1 % of  X-Ray Pulse Length W. Fawley 

Implications of shot noise 
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Intro to SASE FELs 

Summary 

1. Studied evolution of the three FEL parameters (electron 
position and energy, X-ray amplitude) 

2. Found exponentially growing X-ray power 

3. …But some complications for starting the SASE process 
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