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A) Motivation and Introduction
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Need for Short Wavelengths
state of the art:
structure of biological macromolecule

reconstructed from diffraction
pattern of protein crystal:

needs ~10'° samples
crystallized - not in life environment

the crystal lattice imposes
LYSOZYME MW=19,806 restrictions on molecular motion

images courtesy Janos Hajdu, slide from Jorg Rossbach k



Need for Short Wavelengths - 2

SINGLE
MACROMOLECULE

courtesy Janos Hajdu

resolution does not depend on sample quality
needs very high radiation power @ A ~1A
can see dynamics if pulse length < 100 fs

we need a radiation source with < very high peak and average power
- wavelengths down to atomic scale A ~ 1A
* spatially coherent
* monochromatic
» fast tunability in wavelength & timing
* sub-picosecond pulse length ﬁ



Why FELs?

principle of a quantum laser

Es

e

Pump ——p 2
Laser transition
=

Mirror Permeable mirror

Active medium

RARNAR

Energy pump

Optical resonator

problem & solution:
active medium — free electron — EM wave interaction



Free Electron —» Wave Interaction

free electron in uniform motion + electric field lines
AL (before undulator)

trajectory

S— —— courtesy T. Shintake

http://www.shintakelab.com/en/enEducationalSoft.htm

permanent

undulator

iron pole shoe

—
electron beam
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Free Electron « Wave Interaction

A

electron
(= 0) K

YN

wave

27 @ Wwavenumber,
E(r,t) k; = U ?I wavelength and
' angular frequency

dw
change of electron energy — —.V E .
dt

undulator trajectory



Amplifier and Oscillator

in principle FEL

e amplifier;  gmelitude amplitude electrons
" A A
> AVAVAS
frequency frequency wave
e oscillator: L{ -

instability, driven by noise, growth until amplifier saturates

e amplified noise:

amplitude
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Self Amplifying Spontaneous Emission (SASE)

PRtata it ta ity
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|Og ( P/ PO) i _bur_mh of e_lectro_ns

e uniform random distribution of particles at entrance
e incoherent emission of EM waves (noise, wide bandwidth)
e amplification (— resonant wavelength, micro-bunching)

e saturation, full micro modulation, coherent radiation



Why SASE?

e oscillator needs resonator

but there are no mirrors for wavelengths < 100 nm
1001 e ]
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Reflectivity at normal incidence (%)

1000
Photon wavelength (nm)

e alternative: seed laser + harmonic generation + amplifier

seed laser

A

seed

modulation of micro bunching of amplifier 4 =N
electron beam a particular harmonic P seed m



X [mm]

Micro-Bunching

X [mm]

e longitudinal motion is trivial to 1st order, but

e micro-bunching is a 2nd order effect — theory

e transverse bunch structure is much larger
than longitudinal sub-structure
— 1d theory with plane waves

0.1nm




Coherent Radiation

electron in undulator — plane wave in far field

incoherent superposition of plane waves:

N
E= Zcos(klz ~—ot+y,)=E;cos(kz-at+y;)
v=l

VZNz;eXp(icov)( N\

O P, Ps field amplitude: E; =

radiated power: P, oc EZ oc N

coherent superposition of plane waves:

field amplitude: E; =

N
St -
v=l

radiated power: P, oc E2 ~ NO




Coherent Radiation - 2

TR

log(P/PO) i bunch of electrons
in icra-

no micro-bunching saturation:
(only shot noise) full micro-bunching
P, < N P oc N2

with N = particles per 4,



Free-Electron Laser

B) Theoretical Approach

Resonance Condition

Particle Energy and Ponderomotive Phase
Longitudinal Equation of Motion

Low Gain Theory

FEL Gain

Micro-Bunching

High Gain Theory

Continuous Phase Space

Gain Length



Resonance Condition

A

electron
(= 0) K

YN

wave

2r @, ~Wavenumber,
E(r,t) kj=—= wavelength and
angular frequency

|
e EM wave is faster than electron, but

e periodic interaction if wave-electron slippage is one wavelength per
undulator period
A+ S, S, trajectory length of one undulator period
c v (S, and v depend on y)
otherwise energy exchange cancels over many periods

e resonance condition

2cSi g LA (1+K—2j y Lorentz factor (~ energy)
| K undulator parameter (~ 1)

™



Particle Energy and Ponderomotive Phase

A+ A4 S, (re)
C V

e resonance condition; resonant energy

: " : W A .
e if resonance condition fulfilled: <dd—t> o —Ecogy|  with y = const

ponderomotive phase

=0 — kinetic energy transfer EM — wave “laser”
w= m— transfer EM wave — kinetic energy “accelerator”

e if resonance condition is not fullfilled: 7 # 7.

A +[ﬂ17]: Su((V)) particle slips in one period by 4, — ¢
C VY

A
change of ponderomotive phase T—W =k ¢ with T, =S, /v

u
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Longitudinal Equation of Motion
(in average)

e longitudinal phase space

dy dy
dt XY = Vres dt

oc — Ecosw

longitudinal position —»
longitudinal momentum —
e equations are analog to mathematical pendulum

v /»\ two types of solution:
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Low Gain Theory

e neglect change of field amplitude

v ., 97 o [E
o C Ve m o« {Ekosy

e indirect gain calculation

¢ _ gainof field energy _ loss of particle energy _ W, (in)-W, (out)
initial field energy initial field energy

initial field energy

15 particles with different initial conditions
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e analytical analysis —

Goc—
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FEL Gain

é:ocy_yres

res

periods of undulator



Micro-Bunching

0.01

relative energy deviation

-0.01

ponderomotive phase y

—
o

o

norm. charge density pn
w
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e Fourier analysis of longitudinal particles positions
— amplitude of micro modulation

o Y expl-iv,)

(fundamental mode)
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High Gain Theory

e logitudinal position in undulator z =Vt = ct

e set of equations:

particles

bunching

amplitude

d—l//oc V=7 (;—Zoc —Re{eXin’}

dz

amplitude (and phase) of EM wave

o Y expliv,)

— E o« KI (from Maxwell equations)

this set of equations + field equations can be solved numerically

e FEL codes include transverse motion and 3D EM field calculation



Continuous Phase Space

e phase space distribution
many point particles ,,7, — continuous density distribution F(z,i,7)

n

v
charge density ﬂ(z,w): jdn X F(Z,l//,ﬂ)
bunching | oc [dy x Az, w)e ™

e Vlasov equation

dF 8F 8F dy 8Fd77
dz oz (’Bw dz 877 df

dy dn 2 i
= LY =V oc —Re{E(Z)eXp W} m




power gain P(z) / P(0)
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Gain Length
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solutionof Vlasov equation y-4
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Free-Electron Laser

C) Experimental Realization / Challenges

Linac Coherent Light Source - LCLS
Scales

Challenges

RF Gun

Bunch Compression

European X-FEL

Table Top FEL



Linac Coherent Light Source- LCLS

SLAC mid-April 2009 — first lasing at 1.5 A

6 MeV

=083mm  c.=0.83 mm
%-6a 005% @

Commission Apr-Aug 2007

135 MeV 250 MeV 4.30 GeV 13.6 GeV
.+ 0,19 mm .= 0,022 mm .+ 0,022 mm
757 0.10 % o= 1.6% 0,5 0.71 % ;5 0.01 %
Linac-0 Linac-X
L=6m L=0.6m
@ -160°

Linac-1
L=9m

BC2

L=6m L=22m
L=12m Re= =39 mm Re= =25 mm
Reg=0 L=275m

o ission Jan-Aug 2008
> ommission Jan-Aug >

SLAC linac tunnel

\

| research yard
)
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W, \_Y_/
linac &

bunch compression

Locl10’m
E=13.6GeV

| =3kA

FEL Power 1TW)

10

75, = 04 pm shice)
1" 20KA
7,/ = 0.01% (slice)

o
"
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““““ AT e R e |-
saturation
> 10 GW

+ measurements ((W/26/09)

- GENESIS simulatien
310 ‘IIC" SIU (5] ?Iﬂ SIO
Active undulator length (mi)

particles per 4,
14 ~.4
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Scales

photon wavelength 4 o«c10"'m o 4,/

cooperation length L, =N_4 «<10®m  about N, micro-bunches in cooperation

bunch length L, =cq/l 10 m
bunch width o, <AL, c10”m (overlap electron-beam EM wave)
undulator period A, <107m

2

power gain length L, =N, =~1..10m oc 3\/73/%%/'

Rayleigh length L, = L, describes widening of EM wave
saturation length L, ~10L,..20L, <L,

undulator length L oc 100 m

total length Locl10’m



Challenges

e 1, — A
A (. K
ﬂq=272 1+7 e Energy — 10 .. 20 GeV

e gain length L, <~ 10 m

e high peak current >~ kA
e transverse beam size o, oc 10 um
e energy spread

e overlap electron-photon beam
(undulator parameter K « 1)

- i 2 volume
transverse: generate !ow emlttgnce beam o?| (o7,
preservation of emittance |-

o _ [@F bunch charge
longitudinal: compression

acceleration space charge forces:
diagnostic and steering E oo d
sq ?/2 GrZ

undulator alignment

™



RF Gun

waveguide

bucking coil

electron
beam

laser

” coaxial
beam

_ coupler
main solenoid N

typical parameters of FLASH & European XFEL:

gqoc1nC ExcS5MeV 1x50A
y oc 10

longitudinal compression 1 — 0.01 needed !



Magnetic Bunch Compression

v >>1 — velocity differences are too small for effective compression
magnetic compression: path length depends on energy

N EZ
t

accelleration “off crest” —
head particle with less energy than tail

N I O N N ¢
AN S e\ s o N o N, EQA%\W%\W%WMW/

4 magnet chicane

1st bunch compressor

gun accellarating module ~ 10 m

N7 N N AN SN > N A e

beam dynamics with space charge and CSR effects

N NS A ENN ST AN 5 > NV A
ZJ I O O e s s |

2nd compressor, more modules
undulator



Magnetic Bunch Compression - 2

FLASH (1 GeV, 6.5 nm)

photo injector acceleration modules collimator undulators

bunch bunch
compressor compressor FEL beam

4 MeV 125 MeV 380 MeV 1GeV

LCLS (14 GeV, 0.15nm)

135 MeV 250 MeV 4.30 GeV i 13.6 GeV
0, 083mm ¢ =0.83 mm @, = 0.19 mm g, = 0.022 mm 1a,= 0.022 mm
0;2005%  0;~0.10% o5 1.6 % 057 0.71 % | 04 0.01%

|
Linac-0 li'fgté'x i
/ L=6m sl |
f &< @ -160° |
gun 1 . . . I
Linac-1 Linac-2 Linac-3 i
L=9m L=330m L=550m |
@ —41° @=0°
|
|

...existing | undulator

finac L=130m
L Ell-21m Ryg= =39 mm Rsgz =25 mm undulator ’-\
European XFEL (17.5 GeV, 0.1 nm)

Injector-

Main Linac

Collimation
Beam Distribution

500
1000 —

BCs at 130 MeV, 500 MeV and 2 GeV 2500 e 50



European X-FEL

superconducting cavity, 1.3 GHz E, . — 40 MeV/m

acc

22.5 MeV/m are needed for 17.5 GeV & 1A

1011

Quality factor Qq
=
S

ﬁﬁMN‘Wd‘@ o

10°

Accelerating field E .. [MV/m]

10 20 30 40




European X-FEL -2

Linac Coherent Light Spring-8 Compact European X-Ray Free-
Source SASE Source Electron Laser

Abbreviation for

Location California, USA Japan Germany

Start of commissioning 2009 2010 2014

Accelerator technology normal conducting normal conducting [supercnnducting ]
Number of light flashes per second 120 60 30 000] multi bunch operation
Minimum wavelength of the laser light 0.15 nanometres 0.1 nanometres 0.1 nanometres

14_3 hillion electron volts  6-8 billion electron volts  17.5 hillion electron volts
(14.3 GeV) (6-8 GeV) (17.5 GeV)

Maximum electron energy

Length of the facility 3 Kilometer 750 Meter 3.4 Kilometer

Number of undulators {magnet structures [l 3
for light generation)

Number of experiment stations 4 10
Peak brilliance 51033 51033

[photons [ s f mm? / mrad?/ 0.1%
bandwidth]

beamlines

wavelengths 0.1 nm 0.1-0.4 nm 0.4-1.6 nm 0.01-0.06 nm 0.01-0.06 nm

laserlike/coherent yes VES VES no no

undulator length 2013 m 2562 m 1261 m 61m 61 m

number of segments 42 21 10 10




Table Top FEL

Laser-Pasma accelerators: “bubble acceleration”

from Florian Gruener FLS 2006

L
N (10 tlem']

transport/
focusing/
FEL undulator o~

filter :
—“'\..M-

own 3d CSRTrack, Spur;
PIC code GENESIS 1.3

q=1nC, 0.~ 1 pm all types of effects; usual approximations fail
| ~100 kA, y <104 A challenge in experiment and theory ! m





