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Abstract

These proceedings collate lectures given at the course on Free Electron Lasers and Energy Recovery Linacs (FELs
and ERLs), organised by the CERN Accelerator School (CAS). The course was held at the Hotel Scandic Hamburg
Emporio, Hamburg, Germany from 31 May to 10 June 2016, in collaboration with DESY. Following introductory
lectures on radiation issues, the basic requirements on linear accelerators and ERLSs are discussed. Undulators and

the process of seeding and lasing are then treated in some detail, followed by lectures on various beam dynamics
and controls issues.
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Preface

The aim of the CERN Accelerator School (CAS) is to collect, preserve and disseminate the knowledge accumu-
lated in the world’s accelerator laboratories over the years. This applies not only to general accelerator physics,
but also to related sub-systems and associated technologies, and to the development of novel, dedicated facilities.
These wider aims are achieved by means of specialized courses currently held twice per year. The topic of the
first 2016 specialized course was Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs) and was
held at the Hotel Scandic Hamburg Emporio, Hamburg, Germany from 31 May to 10 June 2016.

The course was made possible through the fruitful collaboration with DESY, in particular through the efforts
of Ruth Mundt, Christel Oevermann and Kay Wittenburg.

A full day visit to DESY and the European XFEL in Hamburg Bahrenfeld provided a practical insight into the
field. Participants also had the opportunity to work on realistic case studies as an integral part of the programme.
For the organisation and execution of the latter we are indebted to Sven Reiche from PSI. The backing of the
CERN management and the guidance of the CAS Advisory and Programme Committees enabled the course to
take place, while the attention to detail of the Local Organising Committee and the management and staff of the
Hotel Scandic Hamburg Emporio ensured that the school was held under optimum conditions.

Special thanks must go to the lecturers for the preparation and presentation of the lectures, even more so to
those who have written a manuscript for these proceedings.

For the production of the proceedings we are indebted to the efforts of Barbara Strasser and to the CERN
Publishing Service, especially Valeria Brancolini for her very positive and efficient collaboration.

These proceedings have been published in paper (black and white) and electronic form. The electronic version,
with full colour figures, can be found at https://e-publishing.cern.ch/index.php/CYRSP/issue/view/47.

Roger Bailey, Editor
CERN Accelerator School



Juuiq Juuiq Juuiq Juurq Juuiq Juuiq Juuiq Juuiq Juuiq 0€:61
uononponu|
Apmg ose) 0€:81
[2qeuydS | Tuo[[eA 'V Uasudf g audno)d ‘W sy *d won 00:81
SOABA\ SoIy TIA A3ojouyoa], nbw.wom
A [euOnIR}IARID IO M X IO\ o ur sondo Koudroyyg sTdd Jo 10JBIS[O0Y :
R0 EIN Apmg ase) S Apmg ase) QSIOASURI], A310u7 KoAaIng 1ed1I10)STH Ieoury 00:L1
VIL VAL q VAL VIL VAL VIL VAL
a Jermoyue[ 'y toIperyd yoorqoudf °f 1ogonyd [ 0€:91
\4
le) Sw)SAS A
L N STIH J10303fug
a SUOTJBIUISAIJ IO M IO\ Jo sorwreukq pue saoInog (O ySiH) v
Apmyg ase) Apmig ase) 1 Apmg ase) weag uond9lg sanIAe) DS s1oje[NpuN 0€:ST
I wry -3 1SSQUUEID ] A I S oLeIR ] N UAR] 1 ]
S o Apigeisug 0€:S1
1 SuryounqoIorA
A pue uonEIpEy a
SUOIBIUISAIJ IO 1 11 sowayds U0NOIYOULS uoneSnuIA 11 uonerpey
q Apmg ase) Apmg ase) OT144X Su1peag JUIOY0)) 93rey) ooedg UOIOIYIUAS 0cvl
HONN'T HONN'T HONN'T HONN'T HONN'T HONN'T HONN'T HONN'T 1
k! IOUORqUAINY I | BI[SOAR[[F N | UUBWSSY Aoy N S Issouuery IMIN 1A 'S yoeqssoy °f UDJATY T 00:€T
juowrtrodxg \%
n T SnsIoA K109 ],
suonjeorjddy | uonesuoIyoukg | uALI(] oNeA\ | THA HSVTA 4 1 sowayog s1ossaxdwio) sweaqg 1 uonjerpey A
L TIH WueIelIg pue Surwr], ewISE[ woij douarradxy Surpeag SuaT young ur 90udIoY0)) UOIJOIYIUAS 00:21
yarya01 1 A099qaydsT | OSIOM 'H wry -3 Wiy -3 QYdIY 'S 19Z[oH g 1I9H "M 1 00:CI
| n awgay
Td4X 1I ureny mog . |
A\ uons9)0Id sonsousdelq ueadoinyg QoUdIaY0) i swidoy pue suonenbyg 11 sondo Aaneroy
QUIYIRIA weog uosod[g AL erodwa], o) uren) Y31y wnnpuog weaq Ieaul] [e1oadg b 00:11
d d3A140D AAA140D AAAA10D 34400 d3A140D 34400 d3A40D AAAII10D
AMYM "L tgseqe X N AONINA N wry -3 Wiy -3 QYdIY 'S 19Z[oH g II9H "M 0¢€:01
Td4 v
1 s1oseT ABY-X ASVS woiy X
Sursn Surdewy uonerpey oy} 1 K109,
IB[NOJ[OIN pue yodsuer], Jo sonadoig ag swsoy i swiday 103R[NpUN) 1sondo onougew
a AydetSofeisiry weag uojotyJ 90U2IoY0)) uren ySryg q uren ySrygy ue ur uonoN weaq Iedur| -0199[q 0€:60
AOINA "IN S1oMZUdsoy [ 19JJ193d 'S qq0Y "D Jeimoue( 'y reald "“IW Usualy UeA N [ 0€%60 |
sydoouo) SYORQPA
Surrade], J0je[NpUN) pue sjonuo) T4 SanI[IoR,] sy[eL
Joye[NpUN) padsuBApY TIT1 194 wnuend) Jo1doouo) T U1 s1ase] NYEIEN YN SuruadQ 0€:80
dung 0 ung g unf g ung / unf 9 unf g ung p ung ¢ unp g ung | KeAl 1€
Keprig AepsanyJ, Aepsoupa Aepsang, Aepuo Aepung Aepanjeg Aeprig AepsanyJ, Aepsoupopp | Aepson], | owir]

910z ‘@un[ 0T - AN T€ ‘(STYH pue sTd.4) soeur] A194009Y A31ouy pue SI9SeT U0JII[H 991

JWNVID0dd



Contents

Preface

R.Bailey .. ... v
Classical Electrodynamics and Applications to Particle Accelerators

W HeE T o e 1
Short Overview of Special Relativity and Invariant Formulation of Electrodynamics

W HETT et e e e 27
Undulator Technology

JoPAIUEGET ..o 55
Linear Accelerator Technology

D. ALeSINi . .o e 79
Wakefileds - An Overview

F Reimann and U. van RIENEN .......... ..o ittt e 125

Transverse Beam Dynamics

B.J. HOIZer .o e 145
Space Charge Mitigation

M.Fervario ........ ... e 177
Historical Survey of Free Electron Lasers

M. E. COUPTIC .. oot 195
Lasers in FEL Facilities

M. Divall .. ... .. e e 327
Motion in the Undulator

S REICHE . .o oo e e 347
Pendulum Equations and Low Gain Regime

S REIChe . .o 355
Bunch-length Compressors

S DUMIIFL < oot e 363
Coherent Synchrotron Radiation and Microbunching Instability

S DUMIIFT <o e 381
Electron Sources and Injection Systems

E. Chiadroni . ... ... ... e 401
Energy Efficiency

E.Jensen .. ... 421
Beam Dynamics of Energy Recovery Linacs

A Jankowiak et al. ... ... e e 439
High-Gain Regime: 1D

K-J Kimet al. ... ... 455
The Quantum Free-Electron Laser

G RM. RODD . ... e 467
High-Gain Regime: 3D

K-J Kimet al. ... .. 483
Temporal Coherence of Radiation from a Collection of Electrons

K-J Kimet al. ... e 489

vii



FEL Oscillator Principles

K-J Kimet al. ... e 493
LLRF Controls and Feedback: Free-Electron Lasers and Energy Recovery Linacs

S. Pfeiffer . ... 501
Coherence Properties of the Radiation from X-ray Free Electron Lasers

E.A. Schneidmiller and M.V. YUrkov ... ... ... e e 539
The European XFEL - Status and commissioning

H. Weise . ..o e 597
Crystallography and Molecular Imaging using X-ray Lasers

TA. WHRITE ..ot e ettt e e e 605
Machine Protection

Lo Frohlich ... ... e 613
Different Applications of Energy Recovery Linacs

K AUulenbacher . ...... ... e 631
List Oof PartiCIPants . .. ... ...ttt ettt et ettt e e e 643

viil



	Abstract
	Group Photo
	Preface
	Programme
	Contents
	Classical Electrodynamics and Applications to Particle Accelerators. W. Herr
	Short Overview of Special Relativity and Invariant Formulation of Electrodynamics. W. Herr
	Undulator Technology. J. Pflueger
	Linear Accelerator Technology. D. Alesini
	Wakefileds - An Overview. F. Reimann and U. van Rienen
	Transverse Beam Dynamics. B.J. Holzer
	Space Charge Mitigation . M. Ferrario
	Historical Survey of Free Electron Lasers. M. E. Couprie
	Lasers in FEL Facilities. M. Divall
	Motion in the Undulator. S. Reiche
	Pendulum Equations and Low Gain Regime. S. Reiche
	Bunch-length Compressors. S. Di Mitri
	Coherent Synchrotron Radiation and Microbunching Instability. S. Di Mitri
	Electron Sources and Injection Systems. E. Chiadroni
	Energy Efficiency. E. Jensen
	Beam Dynamics of Energy Recovery Linacs. A. Jankowiak et al.
	High-Gain Regime: 1D. K.-J. Kim et al.
	The Quantum Free-Electron Laser. G.R.M. Robb
	High-Gain Regime: 3D. K.-J. Kim et al.
	Temporal Coherence of Radiation from a Collection of Electrons. K.-J. Kim et al.
	FEL Oscillator Principles. K.-J. Kim et al.
	LLRF Controls and Feedback: Free-Electron Lasers and Energy Recovery Linacs. S. Pfeiffer
	Coherence Properties of the Radiation from X-ray Free Electron Lasers. E.A. Schneidmiller and M.V. Yurkov
	The European XFEL - Status and commissioning. H. Weise
	Crystallography and Molecular Imaging using X-ray Lasers. T.A. White
	Machine Protection. L. Fröhlich
	Different Applications of Energy Recovery Linacs. K. Aulenbacher
	List of Participants

