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Wille, K. (2000): The Physics of Particle Accelerators: An Introduction.
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Wille, K. (2000): The Physics of Particle Accelerators: An Introduction.
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First Generation Light Sources

Radiation from Elect: ina

F. R. ELDER, A. M. GUREWITSCH, R. V. LANGMUIR,
anD H. C. PoLLOCK
Research Laboratory, General Electric Company,
Schenectady, New York

IGH energy electrons which are subjected to large

accelerations normal to their velocity should radiate
electromagnetic energyd~¢ The radiation from electrons
in a betatron or synchrotron should be emitted in a narrow
cone tangent to the electron orbit, and its spectrum should
extend into the visible region. This radiation has now been
observed visually in the General Electric 70-Mev synchro-
tron.® This machine has an electron orbit radius of 29.3
cm and a peak magnetic field of 8100 gausses. The radiation
is seen as a small spot of brilliant white light by an ob-
server looking into the vacuum tube tangent to the orbit
and toward the approaching electrons. The light is quite
bright when the x-ray output of the machine at 70 Mev
is 50 roentgens per minute at one meter from the target
and can still be observed in daylight at outputs as low as
0.1 roentgen.

SR visually observed in 1947
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First Generation Light Sources

Radiation from Elect: ina
F. R. Etpmr, A, M. GurEwITSCH, R. V. LANGMUIR,
AND H. C. PoLLoCK
Research Laboratory, General Electric Company,
Schenectady, New York
May 7, 1947

IGH energy electrons which are subjected to large

accelerations normal to their velocity should radiate
electromagnetic energyd~¢ The radiation from electrons
in a betatron or synchrotron should be emitted in a narrow
cone tangent to the electron orbit, and its spectrum should
extend into the visible region. This radiation has now been
observed visually in the General Electric 70-Mev synchro-
tron.® This machine has an electron orbit radius of 29.3
cm and a peak magnetic field of 8100 gausses. The radiation
is seen as a small spot of brilliant white light by an ob-
server looking into the vacuum tube tangent to the orbit
and toward the approaching electrons. The light is quite
bright when the x-ray output of the machine at 70 Mev
is 50 roentgens per minute at one meter from the target
and can still be observed in daylight at outputs as low as
0.1 roentgen.

SR visually observed in 1947
nuisance in circular accelerators

used parasitical at storage rings
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First Generation Light Sources

Radiation from Electrons in a Synchrotron
F. R. ELDER, A. M. GUREWITSCH, R. V. LANGMUIR,
AND H. C. PoLLOCK
Research Laboratory, General Electric Company,
Schenectady, New York

IGH energy electrons which are subjected to large

accelerations normal to their velocity should radiate
electromagnetic energy.i~¢ The radiation from electrons
in a betatron or synchrotron should be emitted in a narrow
cone tangent to the electron orbit, and its spectrum should
extend into the visible region. This radiation has now been
observed visually in the General Electric 70-Mev synchro-
tron.® This machine has an electron orbit radius of 29.3
cm and a peak magnetic field of 8100 gausses. The radiation
is seen as a small spot of brilliant white light by an ob-
server looking into the vacuum tube tangent to the orbit
and toward the approaching electrons. The light is quite
bright when the x-ray output of the machine at 70 Mev
is 50 roentgens per minute at one meter from the target
and can still be observed in daylight at outputs as low as
0.1 roentgen.

SR visually observed in 1947

nuisance in circular accelerators

used parasitical at storage rings
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Particle Accelerators © Gordon and Breach, Scince, Publshers L
1975, Vol. 5, p. 211-227 Ved in Glasgow, Seolland

TANTALUS I: A DEDICATED STORAGE RING SYNCHROTRON
RADIATION SOURCEft
E. M. ROWE
Physical Sciences Laboratory, University of Wisconsin, Stoughton, Wisconsin, USA
and
F. E. MILLS
Brookhaven National Laboratory, Upton, New York, USA

A the Laboratory of the University of Wisconsin
e i Jids,liquids and
gases in the vacuum ultraviolet and soft X.ray region of the clectromagnetic spectrum. The storage ring has
proven to be a nearly ideal source for these investigations. The storage ring has also been shown (0 have funda-
‘mental advantages over electron synchrotrons more commonly used for this work. These advantages are stabiity
of thel

1968: first storage ring exclusively dedicated t0 SR . s s e S
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In May 1975 the proposal by the Scince Research Counil 1o construct 4 2 G\’ eictron storage rig, at Diresbury Labacory
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Summary

SEXAFS - Sufaco extonded x-ray absorption

Soft x-ray EXAFS - Extended x-ray absorption

o b ongent o) e compondats. Devclopment of he Contol tstem 5 weh advanced and . wil 50 fine Structur
i paper birelly describes the suource and outines the plans for the 1l beans lines It reporis on the progeess of con 5 MoFhesson
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D. M. P. Holland: The Daresbury Synchrotron Radiation Source, Physica Scripta. Vol. 36, 22-35, 1987



Third Generation Light Sources

straight sections for insertion devices

undulators, wigglers
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1992: ESREF, first synchrotron of the third generation type

undulator
beam

undulator

wiggler beam

Wille, K. (2000): The Physics of Particle Accelerators: An Introduction.
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THE EUROPEAN SYNCHROTRON RADIATION FACILITY ESRF IN GRENOBLE

Ruprecht Haensel
ESRF

BP220
F-38043 Grenoble Cedex
France

ABSTRACT

RF is the first member of a new generation of
Syncl\m\'mn Riﬂm Sources, in which the brilliance oI
‘wilisation of inserton devices arc
© weu prwll I|mlu ‘This will add to the possibilities of
present Synchrotron Radiation sources the capability to
Tollow in eal time siructural changes in condensed matier
take

ulized tho Syockeoroa Radiston for tdies o the
structure of atoms, molec
o and s of Foiy

the growing need for beam time, which
mnmmumubynmxmzmxm:md e
advent of new types of vices (Insertion devi
D such as wavelength shifters, vnnlu: orunduliors) he
Users' Community expressed more and more its desire o

while physical,
lace. The technical challenges in the new machine are:
mechanical stability in the micromeer range of a 6-GeV

the performance of optical element with alomic scae

but not least the data handling of an enomous data 2w
coming from 0, 1-,and 2-D X-ray detectors.

optimised from the conception for ts specific needs.

vices are amays of magnets with
periodiculy changing held o or iection, Which
fore he electron beam to make wiggles with planr o
helical motion. Thus an outer observers 'sces'

soveral e (qumber of poes) pe W, e oo
intensity of Synchrotron Radiation consequently  is
considerably enhanced over that from bending magnes. It
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Undulator Radiation - Wavelength

= relativistic electron bunch
= alternating magnetic field

= sinusoidal electron trajectory
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Motivation
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Free-Electron Laser

dipole radiation in electron rest frame

Lorentz contracted undulator period: \e %

back to laboratory frame
relativistic Doppler effect: A\; % x
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Beamlines

wavelength of undulator radiation: A = 2%2(1 + KB +7202)

Summary

undulator parameter K « \yB
radiation angle 6, on-axis: § = 0 .



Undulator Radiation - Characteristics

tunable wavelength: \, = —¢(1 + K{)

small opening angle: 6 ~ TNT for K <1

narrow bandwidth: Aw/w, o< 1/Ny
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Undulator Radiation - Characteristics

tunable wavelength: \, = 27“2( %)
small opening angle: § ~ —— for K <A
narrow bandwidth: Aw /wg x 1 / N,

intensity / o< Ng

electrons without any positional order
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Undulator Radiation - Characteristics

tunable wavelength: \, = 27“2(

small opening angle: § ~ —— for K <A

narrow bandwidth: Aw /wg x 1 / N,

intensity / o< Ng

%)

electrons without any positional order

radiation from a single electron is coherent:
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light wave slips ahead w.r.t. emitting electron by A, per A\,

Au
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Free-Electron Laser

incoherent emission
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Free-Electron Laser

incoherent emission coherent emission

e randomly phased e bunched at Ay

undulator tuned to

>\1=%(1+K72)
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Free-Electron Laser

acts as amplifier

incoherent emission coherent emission

log(radiation power)

s
%&i@”

e

undulator distance

e randomly phased e bunched at Ay

undulator tuned to

>\1=%(1+K72)
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Free-Electron Laser

acts as amplifier

incoherent emission coherent emission

log(radiation power)

undulator distance

e randomly phased e bunched at Ay

undulator tuned to

>\1=%(1+K72)
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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

Nmax
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=

~MNmax
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Free-Electron Laser: FEL-Bucket

for now: neglect change of EM-field

energy modulation + dispersion

Nmax

motion in longitudinal phase space:
pendulum equations

FEL bucket/separatrix

electrons inside: bound
electrons outside: unbound

~MNmax

low-gain regime
small gain per undulator passage
on resonance beam: no net energy transfer
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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

Nmax

~Nmax

on resonance beam: no net energy transfer

we want high gain in a single pass!
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High-Gain Free-Electron Laser: 1D model XFEI

change of EM-field during passage through (long) undulator
energy modulation + dispersion

space charge fields due to the periodic modulations
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High-Gain Free-Electron Laser: 1D model XFEL

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
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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

4By _

dz
i
dnye
dz

dypy
dz

1ok,
4~y h

= Jo& kot exp(—iok)
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High-Gain Free-Electron Laser: Exponential Growth

electrons captured in FEL buckets

FEL buckets not fixed!
height of separatrix changes
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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
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High-Gain Free-Electron Laser: Saturation
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gain length describes FEL power growth
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gain length describes FEL power growth

analytical 1D solution in linear/exponential growth regime o
mono-energetic beam
no space charge forces Light Sources
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Free-Electron Laser
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Seeded FEL

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

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

Light Sources

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

incoherent emission

Free-Electron Laser

Self Amplified Spontaneous Emission (SASE)
start-up from random electron distribution delivered by accelerator

e~ randomly phased
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Seeded FEL

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

Light Sources

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

incoherent emission

Free-Electron Laser

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

M=2(145)

e~ randomly phased
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High-Gain Free-Electron Laser: Start-Up XFEL
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Seeded FEL

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

Light Sources

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

coherent emission

Free-Electron Laser

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 A = ?Tuz (1 + K;)
limited longitudinal coherence o bunched at A
16
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statistical fluctuations of the spontaneous emission

shot-to-shot fluctuations, temporal and spectral
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statistical fluctuations of the spontaneous emission
shot-to-shot fluctuations, temporal and spectral

sufficiently large statistics is essential for experiments
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High-Gain Free-Electron Laser
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eurizon
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European network

need for high quality electron beam — energy spread, emittance, current

provided by linear accelerator

spectral brightness

photons per second
angle (mrad?)-area (mm?2)-relative bandwidth (0.1 %)

up to ~ 10%* in hard x-ray regime
atomic positions, chemical selectivity

short pulses (order of fs)
atomic motion, diffraction before destruction

Synchrotron
fight sources

Moder X-ray tubes

First X-ray tube

—— Relative peak briliance (frst X-ray tube = 1)
Number of transistors in processors

Enlightening Science (2017), European XFEL brochure

2nd generation
4

1st generation

%100 000

3rd generation

Free-electron lasers

1000 000 000

x 10 000 000

g Intel Core i7
- Intel Core 2 Quad
g Intel Pentium 4

2 Intel Pentium

Intel 8086
Intel 4004
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proposal of a Free-Electron Laser (FEL) by Madey (1971)

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

Free-Electron Lasers — Brief History

First Operation of a Free-Electron Laser®

D. A. G, Deacon,f L. R, Flias, J. M. J. Madey, G.
igh Enevay Physics Labora

a.4p

Ever since the first maser experiment in 1954,
physicists have sought to develop a broadly tun-
able source of coherent radiation. Several ingen-
ious techniques have been developed, of which the
best example is the dye lser. Most of these de-
vices have relied upon an atomic or a molecular
active medium, and the wavelength and tuning
range has therefore been limited by the details
of atomic structure.

Several authors have realized that the constraints
assoclated with atomic structure would not apply
toa laser based on stimulated radiation by free

ity,
ioeaivad 1 Fbtuany 1977

. Ramian, . A, Sehwottman, and . 1. Siith
Stanord, Callfornia 94305

4 free-electron laser oscillator has been operated above threshold at a wavelongth of

electrons.”"® Our research has focused on the in-
teraction between radiation and an electron beam
in a spatially periodic transverse magnetic field.
Of the schermes which have been proposed, this
approach appears the best suited to the generation
of coherent radiation in the infrared, the visible,
and the ultraviolet, and also has the potential for
yielding very high average power. We have pre-

ously described the results of a measurement
of the gain at 10.6 m.° In this Letter we report
the first operation of a [ree-electron laser oscil-
Iator.
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TIG. 1. Schematie diagram of the free-elcctron laser oseillator, - (For more details sce Ref, 6)
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Free-Electron Lasers — Brief History
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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

First Operation of a Free-Electron Laser®

D. A.G.Descont L. R. Elias, 1. M. 1. Madey, C.
ST T S 34305

High Enevzy Physics Labora!

J. Ramian, H. A. Schwettman, and T. I, Smith

Tioeaiiod 1 Fobtusey 1

a.4p

Ever since the first maser experiment in 1954,
physicists have sought to develop a broadly tun:
able source of coherent radiation. Several ingen-
ious techniques have been developed, of which the
best example is the dye lser. Most of these de-
vices have relied upon an atomic or a molecular
active medium, and the wavelength and tuning
range has therefore been limited by the details
of atomic structure.

Several authors have realized that the constraints
assoclated with atomic structure would not apply
toa laser based on stimulated radiation by free

4 free-electron laser oscillator has been operated above threshold at a wavelongth of

electrons.”"® Our research has focused on the in-
teraction between radiation and an electron beam
in a spatially periodic transverse magnetic field.
Of the schermes which have been proposed, this
approach appears the best suited to the generation
of coherent radiation in the infrared, the visible,
and the ultraviolet, and also has the potential for
yielding very high average power. We have pre-
viously deseribed the results of a measurement
of the gain at 10.6 4m.° In this Letter we report
the first operation of a [ree-electron laser oseil-
Iator.
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GENERATION OF COHERENT RADIATION BY A RELATIVISTIC
ELECTRON BEAM IN AN ONDULATOR*

A. M. KONDRATENKO and E. L. SALDIN
Institute of Nuclear Physics, 630090, Novosibirsk, USSR

(Received January 28, 1980)
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longitudinal magnetic field in he ondultor is discussed. Numerical examples are given for sources o
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Free-Electron Lasers — Brief History

demonstration of high-gain SASE FELs:
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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.)

wavelength

1pm 100 nm 10 nm Inm 1A

IR w soft, X-ray
VoV hard X-ray
leV 10eV 100eV 1keV 10keV
photon energy
100 THz 1PHz 10PHz 100 PHz 1EHz 10 EHz

frequency

spectral ranges according to 1ISO-21348:2007
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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: A, = ;TUZ (1 + K;)

high energy requires long accelerator wavelength
Ijm 100 nm 10nm Inm 1A
IR w soft, X-ray
VoV hard X-ray
BEUV
leV 10eV 100eV/ 1keV 10keV
photon energy

100 THz 1PHz 10PHz 100 PHz 1EHz 10 EHz

frequency

spectral ranges according to ISO-21348:2007
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B v xFEL

1 softxFEL

Under construction/in development

Enlightening Science (2017), European XFEL brochure
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B v xFEL

1 softxFEL

Under construction/in development

Enlightening Science (2017), European XFEL brochure
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FEL Light Sources
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Construction start early 2009, user operation start September 2017

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

twelve European countries contribute to the European XFEL
Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain,
Sweden, Switzerland, United Kingdom

Schenefeld

https://www.xfel.eu/facility/overview/index_eng.html
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Construction start early 2009, user operation start September 2017

total length of 3.4 km (10 ps for an electron!) Lsiveilar
twelve European countries contribute to the European XFEL
Denmark, France, Germany, Hungary, Italy, Poland, Russia, Slovakia, Spain, Light Sources
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Construction start early 2009, user operation start September 2017
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European XFEL facility XFEL elélrl?wtk) n
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Construction start early 2009, user operation start September 2017
total length of 3.4 km (10 ps 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 0.05nm to 4.7 nm
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Construction start early 2009, user operation start September 2017
total length of 3.4 km (10 ps 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 ‘ .
S

wavelength range from 0.05nm to 4.7 nm RO
,Q é’ & European XFEL
& Facility

accelerator based on superconducting technology
up to 4.5 MHz intra-train repetition rate H ‘

s 100 ms (10 Hz) H

27000 bunches/second

3 SASE undulator beamlines running in parallel

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

= e¢lectron tunnel €
photon tunnel [ )
i undulator [ ]

electron switch
electron bend

electron dump
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linear accelerator SASE 2
for electrons (10.5, 14.0, 17.5 GeV) 0.05 nm - 0.4 nm

Enlightening Science (2017), European XFEL brochure

SASE 1

0.05nm - 0.4 nm

ity

SASE 3

0.4nm - 4.7 nm

European
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e .

eurizon

European network
for developing new horizons for Rls

Materials Imaging
MID  and Dynamics

High Energy
HED bensity Science
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FELs deliver extremely bright, short and spatial coherent radiation

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