
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 3.14.13.79

This content was downloaded on 27/04/2024 at 17:12

Please note that terms and conditions apply.

You may also like:

Photoelectron sidebands induced by a chirped laser field for shot-by-shot temporal characterization

of FEL pulses

Chien-Nan Liu, Toru Morishita, Mizuho Fushitani et al.

Nonlinear optics with coherent free electron lasers

F Bencivenga, F Capotondi, R Mincigrucci et al.

Physical design of FEL injector based on the performance-enhanced EC-ITC RF gun

Tong-Ning Hu,  , Qu-Shan Chen et al.

Undulator and free-electron laser radiation with field harmonics and off-axis effects taken into

account analytically

K V Zhukovsky

Short-wavelength free-electron laser sources and science: a review

E A Seddon, J A Clarke, D J Dunning et al.

https://iopscience.iop.org/page/terms
https://iopscience.iop.org/article/10.1088/0953-4075/49/3/034005
https://iopscience.iop.org/article/10.1088/0953-4075/49/3/034005
https://iopscience.iop.org/article/10.1088/0031-8949/T169/1/014003
https://iopscience.iop.org/article/10.1088/1674-1137/38/1/018101
https://iopscience.iop.org/article/10.3367/UFNe.2020.06.038803
https://iopscience.iop.org/article/10.3367/UFNe.2020.06.038803
https://iopscience.iop.org/article/10.1088/1361-6633/aa7cca


Classical Theory of
Free-Electron Lasers

A text for students and researchers





Classical Theory of
Free-Electron Lasers

A text for students and researchers

Eric B Szarmes

Department of Physics and Astronomy, University of Hawai‘i at Mānoa,
Honolulu, HI, USA

Morgan & Claypool Publishers



Copyright ª 2014 Morgan & Claypool Publishers

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system
or transmitted in any form or by any means, electronic, mechanical, photocopying, recording
or otherwise, without the prior permission of the publisher, or as expressly permitted by law or
under terms agreed with the appropriate rights organization. Multiple copying is permitted in
accordance with the terms of licences issued by the Copyright Licensing Agency, the Copyright
Clearance Centre and other reproduction rights organisations.

Rights & Permissions
To obtain permission to re-use copyrighted material from Morgan & Claypool Publishers, please
contact info@morganclaypool.com.

ISBN 978-1-6270-5573-4 (ebook)
ISBN 978-1-6270-5572-7 (print)
ISBN 978-1-6270-5680-9 (mobi)

DOI 10.1088/978-1-6270-5573-4

Version: 20141201

IOP Concise Physics
ISSN 2053-2571 (online)
ISSN 2054-7307 (print)

A Morgan & Claypool publication as part of IOP Concise Physics
Published by Morgan & Claypool Publishers, 40 Oak Drive, San Rafael, CA, 94903, USA

IOP Publishing, Temple Circus, Temple Way, Bristol BS1 6HG, UK



Dedicated in loving memory of my father, Kornel Rudolf Victor Szarmes





Contents

Preface x

Acknowledgements xii

Author biography xiii

1 Introduction and overview 1-1

1.1 The free-electron laser 1-1

1.2 Classical stimulated emission 1-3

1.3 Electron bunching 1-6

1.4 FEL equations of motion 1-7

References 1-8

2 The classical limit 2-1

2.1 Emission and absorption 2-1

2.2 Compton recoil 2-4

2.3 Wavepacket spreading 2-4

References 2-5

3 Electron beam dynamics 3-1

3.1 Phase space and emittance 3-1

3.1.1 Beam envelope equation 3-3

3.2 Focusing properties of the undulator 3-4

3.3 Matching into the FEL 3-6

Reference 3-9

4 Undulator trajectories 4-1

4.1 Transverse motion 4-1

4.2 Longitudinal motion 4-2

5 Spontaneous emission 5-1

5.1 Spectral lineshape 5-1

5.2 Spontaneous power (weak undulator fields) 5-2

5.3 Spontaneous power (strong undulator fields) 5-5

References 5-6

vii



6 Effect of the optical field on electron motion 6-1

6.1 The Lorentz equation 6-1

6.2 The FEL pendulum equation 6-3

References 6-4

7 Effect of electron motion on the optical field 7-1

7.1 The wave equation 7-1

7.2 Transverse currents 7-4

7.3 The FEL wave equation 7-5

7.4 Energy conservation 7-7

References 7-8

8 Transverse modes in the equations of motion 8-1

8.1 Superposition of transverse modes 8-1

8.2 The mode evolution equation 8-3

8.3 The multimode pendulum equation 8-4

8.4 The filling factor 8-6

References 8-9

9 Small-signal gain—first derivation 9-1

9.1 Gain from energy conservation 9-1

9.2 Gain-spread theorem 9-7

9.3 Approximate solution of the FEL equations 9-8

9.4 Gouy phase shift 9-12

References 9-15

10 Gain reduction and other effects 10-1

10.1 Electron beam emittance 10-1

10.2 High current and high gain 10-3

10.3 Energy spread 10-6

10.4 Short-pulse effects 10-8

10.5 Summary 10-9

Reference 10-11

11 Laser saturation and output power 11-1

11.1 The nature of FEL saturation 11-1

11.2 Strong-saturation effects 11-2

Classical Theor y of Free-Electron Lasers

viii



11.3 Intensity dependence 11-5

11.4 Analysis of optical resonators 11-7

11.5 Extraction efficiency 11-10

11.6 Incorporation of energy spread 11-13

12 Harmonic lasing 12-1

12.1 Small-signal gain 12-1

12.2 Saturation and output power 12-4

12.3 Spontaneous emission 12-6

13 Helical undulators 13-1

13.1 Electron trajectories 13-1

13.2 FEL coupled equations of motion 13-3

13.3 Small-signal gain 13-5

14 Small-signal gain—second derivation 14-1

14.1 The equation for weak fields 14-1

14.2 FEL gain and dispersion 14-4

14.3 A digression on numerical simulations 14-5

References 14-6

15 Short-pulse propagation 15-1

15.1 General description 15-1

15.2 The coupled Maxwell–Lorentz equations 15-2

15.3 Optical pulse evolution 15-4

15.4 Cavity detuning and refractive effects 15-6

15.5 Mode locked FEL theory 15-7

References 15-16

Classical Theor y of Free-Electron Lasers

ix



Preface

This textbook grew out of a set of handwritten notes that I originally wrote and
compiled as an instructor for Physics 245, Free-Electron Lasers (FELs), at the US
Particle Accelerator School in 1996, and have presented as a component of Physics 660,
Advanced Optics, at the University of Hawai‘i for over ten years. The text focuses on
the fully classical theory of FELs with application to FEL oscillators and develops the
fundamentals of FEL theory in sufficient depth to provide both a solid understanding
of FEL physics and a solid background for research in the field. The topics have
evolved over the years and have been reorganized and augmented with new content
since their original presentation. Revisions include a correction in the calculation of the
small-signal gain, an extended analysis of saturation and new sections on the classical
limit, electron beam dynamics, harmonic lasing and helical undulators. All numerical
approximations were developed by the author and numerous examples are included
throughout to illustrate the application of analytical results. In conformitywithmost of
the early literature on FELs, centimeter-gram-second (CGS) units are employed for all
equations and physical quantities except where explicitly noted.

The text is written at a level suitable for advanced undergraduate or graduate
students. Students should have taken a course in advanced electrodynamics at the
level of Zangwill or Jackson (1975), including exposure to the theory of physical
optics and Gaussian beams, and be familiar with relativistic mechanics and elec-
trodynamics. Students should also have a good working knowledge of the techni-
ques of higher mathematics including partial differential equations, Fourier theory,
orthogonal functions and complex analysis.

The pedagogic aim of this work is to provide a coherent description of classical
FEL physics of practical utility for students and researchers; it is not intended to
serve as a review of the literature. For this purpose the references by Brau (1990),
Colson (1990) and Friedman et al (1988) provide comprehensive overviews of the
field and contain extensive references to original research. Specific citations for the
current text include Siegman (1986) for general laser and resonator theory, Jackson
(1975) for electrodynamics and selected publications from the literature on FEL
theory. The analysis of saturation in chapters 11 and 12 and the theory of mode
locking in chapter 15 are, to the best of my knowledge, original contributions of the
author. Although I cannot claim priority for the other calculations presented in
the text, which date from the earliest days of FELs, all results were rederived by the
author with special attention to pedagogy and I believe that a number of the deri-
vations are unique. Most of all I hope that the pedagogic organization of the work
will be especially helpful to both students and researchers.

All illustrations were created by the author using Canvas and KaleidaGraph for
the Macintosh. Special care was taken in the artwork to employ actual mathematical
shapes for all relevant functions and curves.
Honolulu, HI E B Szarmes
September 2014
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