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Electromagnetic Spectrum

■ Soft and hard X-ray spectral range

■ plenitude of atomic resonances and high absorption
■ applications in biology, chemistry, material-, nano-, energy science, . . .
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Electromagnetic Spectrum

■ Soft and hard X-ray spectral range

■ plenitude of atomic resonances and high absorption
■ applications in biology, chemistry, material-, nano-, energy science, . . .

■ Free-Electron Lasers (FELs): femtosecond, laserlike, high-intense pulses
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Synchrotron Radiation

4
Wille, K. (2000): The Physics of Particle Accelerators: An Introduction.
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Synchrotron Radiation

■ acceleration of relativistic electron bunch perpendicular to velocity

■ bending magnets

■ opening angle θc ≈
1
γ

4
Wille, K. (2000): The Physics of Particle Accelerators: An Introduction.
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Synchrotron Radiation

■ acceleration of relativistic electron bunch perpendicular to velocity

■ bending magnets

■ opening angle θc ≈
1
γ

■ short pulse, broad spectrum with ωc ∝
γ3

ρ0

4
Wille, K. (2000): The Physics of Particle Accelerators: An Introduction. Wiedemann, H. (2015). Particle accelerator physics, 4th edition
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First Generation Light Sources

■ SR visually observed in 1947

5
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First Generation Light Sources

■ SR visually observed in 1947

■ nuisance in circular accelerators

■ used parasitical at storage rings
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First Generation Light Sources

■ SR visually observed in 1947

■ nuisance in circular accelerators

■ used parasitical at storage rings

■ 1968: first storage ring exclusively dedicated to SR
5
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Second Generation Light Sources

■ 1980s: second generation light sources

■ 1980: SRS, first synchrotron light source of the second generation

■ radiation produced mainly in bending magnets

6
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Second Generation Light Sources

■ 1980s: second generation light sources

■ 1980: SRS, first synchrotron light source of the second generation

■ radiation produced mainly in bending magnets

6
D. M. P. Holland: The Daresbury Synchrotron Radiation Source, Physica Scripta. Vol. 36, 22-35, 1987
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Third Generation Light Sources

■ straight sections for insertion devices

■ undulators, wigglers

■ 1992: ESRF, first synchrotron of the third generation type

7
Wille, K. (2000): The Physics of Particle Accelerators: An Introduction.
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Undulator Radiation - Wavelength

■ relativistic electron bunch

■ alternating magnetic field

■ sinusoidal electron trajectory

8
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Undulator Radiation - Wavelength

■ relativistic electron bunch

■ alternating magnetic field

■ sinusoidal electron trajectory

■ dipole radiation in electron rest frame

■ Lorentz contracted undulator period: λe ∝
λu
γ
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Undulator Radiation - Wavelength

■ relativistic electron bunch

■ alternating magnetic field

■ sinusoidal electron trajectory

■ dipole radiation in electron rest frame

■ Lorentz contracted undulator period: λe ∝
λu
γ

■ back to laboratory frame

■ relativistic Doppler effect: λℓ ∝
λe
γ

∝
λu

γ2

8
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Undulator Radiation - Wavelength

■ relativistic electron bunch

■ alternating magnetic field

■ sinusoidal electron trajectory

■ dipole radiation in electron rest frame

■ Lorentz contracted undulator period: λe ∝
λu
γ

■ back to laboratory frame

■ relativistic Doppler effect: λℓ ∝
λe
γ

∝
λu

γ2

■ wavelength of undulator radiation:

■ undulator parameter K ∝ λuB

■ radiation angle θ, on-axis: θ = 0
8

λℓ =
λu

2γ2

(
1 + K 2

2
+ γ2θ2

)

�u
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Undulator Radiation - Characteristics

■ tunable wavelength: λℓ =
λu

2γ2

(

1 + K 2

2

)

■ small opening angle: θ ≈
1

γ
√

Nu
for K ≲ 1

■ narrow bandwidth: ∆ω/ωℓ ∝ 1/Nu

9
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Undulator Radiation - Characteristics

■ tunable wavelength: λℓ =
λu

2γ2

(

1 + K 2

2

)

■ small opening angle: θ ≈
1

γ
√

Nu
for K ≲ 1

■ narrow bandwidth: ∆ω/ωℓ ∝ 1/Nu

■ intensity I ∝ Ne

■ electrons without any positional order

9

e- randomly phased

incoherent emission
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Undulator Radiation - Characteristics

■ tunable wavelength: λℓ =
λu

2γ2

(

1 + K 2

2

)

■ small opening angle: θ ≈
1

γ
√

Nu
for K ≲ 1

■ narrow bandwidth: ∆ω/ωℓ ∝ 1/Nu

■ intensity I ∝ Ne

■ electrons without any positional order

■ radiation from a single electron is coherent:

■ light wave slips ahead w.r.t. emitting electron by λℓ per λu

9

z

λu

λℓ

e- randomly phased

incoherent emission
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Free-Electron Laser

10

undulator tuned to

λℓ =
λu

2γ2

(

1 + K 2

2

)

e- randomly phased

incoherent emission
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Free-Electron Laser
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undulator tuned to

λℓ =
λu

2γ2

(

1 + K 2

2

)

e- randomly phased

incoherent emission

e- bunched at λℓ

coherent emission
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Free-Electron Laser
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Free-Electron Laser
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Free-Electron Laser
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Free-Electron Laser
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Free-Electron Laser
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Free-Electron Laser
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Free-Electron Laser: FEL-Bucket

■ for now: neglect change of EM-field

■ energy modulation + dispersion

■ motion in longitudinal phase space:

■ pendulum equations

■ FEL bucket/separatrix

■ electrons inside: bound
■ electrons outside: unbound

11

dη
dt

= −
eK̂ E0

2γ2
r mec

cos(ψ)
dψ
dt

= 2kucη

−� 0 � 2� 3�

 + �/2

−�max

0

�max

�

λℓ =
λu
2γ2

(
1 + K 2

2

)
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Free-Electron Laser: FEL-Bucket

■ for now: neglect change of EM-field

■ energy modulation + dispersion

■ motion in longitudinal phase space:

■ pendulum equations

■ FEL bucket/separatrix

■ electrons inside: bound
■ electrons outside: unbound

■ low-gain regime

■ small gain per undulator passage
■ on resonance beam: no net energy transfer

11
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Free-Electron Laser: FEL-Bucket

■ for now: neglect change of EM-field

■ energy modulation + dispersion

■ motion in longitudinal phase space:

■ pendulum equations

■ FEL bucket/separatrix

■ electrons inside: bound
■ electrons outside: unbound

■ low-gain regime

■ small gain per undulator passage
■ on resonance beam: no net energy transfer

■ we want high gain in a single pass!

11
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High-Gain Free-Electron Laser: 1D model

■ change of EM-field during passage through (long) undulator

■ energy modulation + dispersion

■ space charge fields due to the periodic modulations

12
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High-Gain Free-Electron Laser: 1D model

■ change of EM-field during passage through (long) undulator

■ energy modulation + dispersion

■ space charge fields due to the periodic modulations

■ only longitudinal dimension, no transverse dependencies

■ Slowly Varying Envelope Approximation

12
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High-Gain Free-Electron Laser: 1D model

■ change of EM-field during passage through (long) undulator

■ energy modulation + dispersion

■ space charge fields due to the periodic modulations

■ only longitudinal dimension, no transverse dependencies

■ Slowly Varying Envelope Approximation

■ 2N + 2 coupled first order differential equations

■ describe microbunching, gain and saturation

12

dẼx
dz

= −
µ0cK̂

4γr
j̃1

j̃1 = j0
2
N

∑N
k=1 exp(−iψk )

dηk
dz

= −
e

mec2γr
Re

([
K̂

2γr
Ẽx −

iµ0c2

ωℓ
j̃1

]
exp(iψk )

)

dψk
dz

= 2kuηk
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High-Gain Free-Electron Laser: Exponential Growth

■ electrons captured in FEL buckets

13
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime
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High-Gain Free-Electron Laser: Exponential Growth

■ electrons captured in FEL buckets

■ FEL buckets not fixed!

■ height of separatrix changes

■ FEL buckets change phase

13
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime
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High-Gain Free-Electron Laser: Exponential Growth

■ electrons captured in FEL buckets

■ FEL buckets not fixed!

■ height of separatrix changes

■ FEL buckets change phase

■ net energy transfer from electrons to light wave

13
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime



Eurizon 2020+
workshop

Fabian Pannek

Motivation

Light Sources

Synchrotron

Radiation

Undulator Radiation

Free-Electron Laser

European XFEL

Facility

Beamlines

Summary

High-Gain Free-Electron Laser: Saturation

■ energy spread increases

■ energy is transferred back and forth between electron beam and light wave

14
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime
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High-Gain Free-Electron Laser: Saturation

■ energy spread increases

■ energy is transferred back and forth between electron beam and light wave

■ same saturation level for different input

14
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime
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Linear Regime and Approximations

■ gain length describes FEL power growth

■ analytical 1D solution in linear/exponential growth regime

■ mono-energetic beam

■ no space charge forces

■ 1D gain length Lg0 = λu

4π
√

3ρFEL

■ fundamental FEL / Pierce parameter

■ ρFEL =
(
µ0K̂ 2e2ne

32γ3
r k2

u me

)1/3

15
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime

P(z) ∼ e
z

Lg
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Linear Regime and Approximations

■ gain length describes FEL power growth

■ analytical 1D solution in linear/exponential growth regime

■ mono-energetic beam

■ no space charge forces

■ 1D gain length Lg0 = λu

4π
√

3ρFEL

■ fundamental FEL / Pierce parameter

■ ρFEL =
(
µ0K̂ 2e2ne

32γ3
r k2

u me

)1/3

■ determines FEL performance

■ gain length

■ saturation power Ps ≈ ρFELPbeam

■ FEL bandwidth σω/ωℓ ≈ ρFEL at saturation

15
Schmüser et al. (2014). Free-Electron Lasers in the Ultraviolet and X-Ray Regime

P(z) ∼ e
z

Lg
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High-Gain Free-Electron Laser: Start-Up

■ Seeded FEL

■ initiate FEL process with already existing laser light
■ requires suitable laser source in desired wavelength regime

16

e- randomly phased

incoherent emission
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High-Gain Free-Electron Laser: Start-Up

■ Seeded FEL

■ initiate FEL process with already existing laser light
■ requires suitable laser source in desired wavelength regime

■ Pre-Bunched Beam via External Seeding

■ imprint periodic density modulation on electron bunch before FEL

■ requires seeding section for harmonic up-conversion schemes

■ limited to certain harmonic of seed wavelength

16

e- bunched at λℓ

coherent emission
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High-Gain Free-Electron Laser: Start-Up

■ Seeded FEL

■ initiate FEL process with already existing laser light
■ requires suitable laser source in desired wavelength regime

■ Pre-Bunched Beam via External Seeding

■ imprint periodic density modulation on electron bunch before FEL

■ requires seeding section for harmonic up-conversion schemes

■ limited to certain harmonic of seed wavelength

■ Self Amplified Spontaneous Emission (SASE)

■ start-up from random electron distribution delivered by accelerator

16

e- randomly phased

incoherent emission
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High-Gain Free-Electron Laser: Start-Up

■ Seeded FEL

■ initiate FEL process with already existing laser light
■ requires suitable laser source in desired wavelength regime

■ Pre-Bunched Beam via External Seeding

■ imprint periodic density modulation on electron bunch before FEL

■ requires seeding section for harmonic up-conversion schemes

■ limited to certain harmonic of seed wavelength

■ Self Amplified Spontaneous Emission (SASE)

■ start-up from random electron distribution delivered by accelerator
■ discrete and finite distribution + spontaneous undulator radiation

→ non-vanishing spectral components around resonant wavelength

16
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e- randomly phased
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Summary

High-Gain Free-Electron Laser: Start-Up

■ Seeded FEL

■ initiate FEL process with already existing laser light
■ requires suitable laser source in desired wavelength regime

■ Pre-Bunched Beam via External Seeding

■ imprint periodic density modulation on electron bunch before FEL

■ requires seeding section for harmonic up-conversion schemes

■ limited to certain harmonic of seed wavelength

■ Self Amplified Spontaneous Emission (SASE)

■ start-up from random electron distribution delivered by accelerator
■ discrete and finite distribution + spontaneous undulator radiation

→ non-vanishing spectral components around resonant wavelength

■ saturation within 18-20 gain lengths

■ limited longitudinal coherence

16

λr =
λu

2γ2

(
1 + K 2

2

)

e- bunched at λℓ

coherent emission
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High-Gain Free-Electron Laser: SASE

■ statistical fluctuations of the spontaneous emission

■ shot-to-shot fluctuations, temporal and spectral

17
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High-Gain Free-Electron Laser: SASE

■ statistical fluctuations of the spontaneous emission

■ shot-to-shot fluctuations, temporal and spectral

■ sufficiently large statistics is essential for experiments

17
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High-Gain Free-Electron Laser

■ need for high quality electron beam → energy spread, emittance, current

■ provided by linear accelerator

18



Eurizon 2020+
workshop

Fabian Pannek

Motivation

Light Sources

Synchrotron

Radiation

Undulator Radiation

Free-Electron Laser

European XFEL

Facility

Beamlines

Summary

High-Gain Free-Electron Laser

■ need for high quality electron beam → energy spread, emittance, current

■ provided by linear accelerator

■ spectral brightness

■
photons per second

angle (mrad2)·area (mm2)·relative bandwidth (0.1 %)

■ up to ∼ 1034 in hard x-ray regime

■ atomic positions, chemical selectivity

■ short pulses (order of fs)

■ atomic motion, diffraction before destruction

18
Enlightening Science (2017), European XFEL brochure
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Free-Electron Lasers – Brief History

■ proposal of a Free-Electron Laser (FEL) by Madey (1971)

■ 1976/77: proof-of-principle in infrared oscillator setup

19
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Free-Electron Lasers – Brief History

■ proposal of a Free-Electron Laser (FEL) by Madey (1971)

■ 1976/77: proof-of-principle in infrared oscillator setup

■ 1980s: theoretical and numerical work about single-pass FELs

19
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Free-Electron Lasers – Brief History

■ demonstration of high-gain SASE FELs:

■ millimeter wavelength range (1984, Gold et al.)
■ infrared (1998, Hogan et al.)
■ visible and ultraviolet (2001, Milton et al.)
■ vacuum ultraviolet (2000, Andruszkow et al.)
■ soft X-ray (2007, Ackermann et al.)
■ hard X-ray (2010, Emma et al.)

20
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Free-Electron Lasers – Brief History

■ demonstration of high-gain SASE FELs:

■ millimeter wavelength range (1984, Gold et al.)
■ infrared (1998, Hogan et al.)
■ visible and ultraviolet (2001, Milton et al.)
■ vacuum ultraviolet (2000, Andruszkow et al.)
■ soft X-ray (2007, Ackermann et al.)
■ hard X-ray (2010, Emma et al.)

■ short wavelengths require high energy: λr =
λu

2γ2

(
1 + K 2

2

)

■ high energy requires long accelerator

20
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FEL Light Sources

21
Enlightening Science (2017), European XFEL brochure
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FEL Light Sources
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Enlightening Science (2017), European XFEL brochure

2009
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2011
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2017
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2017
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European XFEL facility

■ Construction start early 2009, user operation start September 2017

■ total length of 3.4 km (10 µs for an electron!)

■ twelve European countries contribute to the European XFEL

■ Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,

Sweden, Switzerland, United Kingdom

22
https://www.xfel.eu/facility/overview/index_eng.html

https://www.xfel.eu/facility/overview/index_eng.html
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European XFEL facility

■ Construction start early 2009, user operation start September 2017

■ total length of 3.4 km (10 µs for an electron!)

■ twelve European countries contribute to the European XFEL

■ Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,

Sweden, Switzerland, United Kingdom
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European XFEL facility

■ Construction start early 2009, user operation start September 2017

■ total length of 3.4 km (10 µs for an electron!)

■ twelve European countries contribute to the European XFEL

■ Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,

Sweden, Switzerland, United Kingdom
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European XFEL facility

■ Construction start early 2009, user operation start September 2017

■ total length of 3.4 km (10 µs for an electron!)

■ twelve European countries contribute to the European XFEL

■ Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,

Sweden, Switzerland, United Kingdom
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European XFEL facility

■ Construction start early 2009, user operation start September 2017

■ total length of 3.4 km (10 µs for an electron!)

■ twelve European countries contribute to the European XFEL

■ Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,

Sweden, Switzerland, United Kingdom

■ beam energy up to 17.5 GeV

■ wavelength range from 0.05 nm to 4.7 nm

23
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European XFEL facility

■ Construction start early 2009, user operation start September 2017

■ total length of 3.4 km (10 µs for an electron!)

■ twelve European countries contribute to the European XFEL

■ Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,

Sweden, Switzerland, United Kingdom

■ beam energy up to 17.5 GeV

■ wavelength range from 0.05 nm to 4.7 nm

■ accelerator based on superconducting technology

■ up to 4.5 MHz intra-train repetition rate

■ 27000 bunches/second

■ 3 SASE undulator beamlines running in parallel

23
https://www.xfel.eu/facility/instruments/spb_sfx/instrument_design/index_eng.html

https://www.xfel.eu/facility/instruments/spb_sfx/instrument_design/index_eng.html


Eurizon 2020+
workshop

Fabian Pannek

Motivation

Light Sources

Synchrotron

Radiation

Undulator Radiation

Free-Electron Laser

European XFEL

Facility

Beamlines

Summary

European XFEL Beamlines

24
Enlightening Science (2017), European XFEL brochure
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European XFEL Beamlines

24
Enlightening Science (2017), European XFEL brochure

∼ 0.5 mJ − 10 mJ (17 mJ) , ∼ 10 fs − 100 fs (< 1 fs)

https://www.xfel.eu/facility/instruments

https://www.xfel.eu/facility/instruments
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European XFEL Beamlines

24
Enlightening Science (2017), European XFEL brochure

∼ 0.5 mJ − 10 mJ (17 mJ) , ∼ 10 fs − 100 fs (< 1 fs)

https://www.xfel.eu/facility/instruments

accelerator operation hours in 2022

European XFEL Annual Report (2022)
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European XFEL Beamlines
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European XFEL Beamlines
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Enlightening Science (2017), European XFEL brochure

∼ 0.5 mJ − 10 mJ (17 mJ) , ∼ 10 fs − 100 fs (< 1 fs)

https://www.xfel.eu/facility/instruments

95 user
experiments

in 2022

8080 h of X-ray delivery beamtime in 2022

users by
scientific
areas in

2022

accelerator operation hours in 2022

European XFEL Annual Report (2022)

https://www.xfel.eu/facility/instruments
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Summary

■ FELs deliver extremely bright, short and spatial coherent radiation

■ unique light source in the soft and hard X-ray regime

■ high demand from users

25
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